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The TRIP-Br proteins (TRIP-Br1 and TRIP-Br2) are a novel family of 
transcriptional regulators that have been proposed to function as “integrators” at E2F-
responsive promoters to integrate signals provided by PHD zinc finger- and/or 
bromodomain-containing transcription factors.  Two approaches were employed o 
further probe the physiological function(s) of the TRIP-Br proteins, namely the decoy 
peptide strategy and the DNA enzyme strategy.   
Synthetic decoy peptides shown to antagonize the in vitro and in vivo 
interaction between TRIP-Br1 (*Br1) or TRIP-Br2 (*Br2) and the PHD zinc finger 
and/or bromodomain of other transcription factors, were introduced into U2OS cells 
to further elucidate the TRIP-Br integrator function(s).  Both the *Br1 and *Br2 
peptides were found to differentially down-regulate the expression of endogenous 
E2F-responsive genes in vivo, and impose a state of global cell cycle arrest.  Thus, the 
integrator function of TRIP-Br proteins is required for proper execution of E2F-
dependent mammalian cell cycle progression.  Further analyses on synchronously 
cycling U2OS cells showed that treatment with *Br1 or *Br2 caused deregulated 
cyclin E protein accumulation during cell cycle progression.  This was shown to be 
associated with the down-regulation of the Fbxw7 gene, a novel E2F-responsive and 
TRIP-Br co-regulated gene that encodes an ubiquitin ligase (E3) responsible for 
targeting cyclin E for ubiquitin-mediated proteolysis.  This finding suggests that the 
regulation of ubiquitin-mediated proteolysis of cyclin E is one of the TRIP-Br 
integrator functions required for proper execution of E2F-dependent cell cycle 
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massive caspase-independent cellular sub-diploidization.  The process of decoy 
peptide-induced sub-diploidization was associated with abnormal stabilization of 
Geminin, which occurs through a mechanism involving cyclin E deregulation.   
To study the involvement of the TRIP-Br proteins in the regulation of cellular 
proliferation, DNA enzymes that specifically suppress the expression of endogenous 
hTRIP-Br1 (E-Br1) or hTRIP-Br2 (E-Br2), were introduced into quiescent WI-38 
human diploid fibroblasts.  Both E-Br1 and E-Br2 were capable of efficiently 
suppressing serum-inducible S phase entry and cellular proliferation in WI-38 cells, 
consistent with a prior report that the TRIP-Br proteins are required for serum-
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(1) The Plant Homeodomain (PHD) zinc finger and the 
bromodomain 
 
(1.1) PHD zinc fingers and bromodomains are evolutionarily conserved 
secondary structural protein motifs 
The Plant Homeodomain (PHD) zinc finger and the bromodomain are 
evolutionarily conserved protein sequence motifs.  The PHD zinc finger, also referred 
to as TTC (trithorax consensus) or LAP (leukemia-associated protein) motif, is a 
zinc-coordinating protein secondary structure that features seven cysteine residues 
and a histidine residue spatially arranged in a cysteine4-histidine-cysteine3 (Cys4-
His-Cys3) consensus with intervening sequences varying in length and composition 
(Figure 1, bottom panel) 1, 2.  In a PHD finger, two zinc atoms are coordinated by the 
cysteine and histidine residues in a cross-brace fashion reminiscent of the zinc 
coordination found in the RING finger 3.  In contrast, the bromodomain, which is a 
~110-amino-acid structural module, has been shown to adopt an atypical left-handed 
four-helix bundle (helices αZ, αA, αB and αC) (Figure 1, top panel) 4.   
The PHD zinc fingers and/or the bromodomains are structural features 
characteristic of a host of nuclear proteins that function in gene transcriptional 
regulation (Table 1).  Proteins known to possess one or more PHD zinc fingers 
include transcriptional activators such as HRX (ALL-1, MLL, Htrx), a human 
homologue of Drosophila trithorax involved in chromosomal translocations in acute 
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 4 
group proteins.  Examples of bromodomain-containing proteins include integral 
components of chromatin remodeling complexes (histone acetyltransferase [HAT]-
associated proteins), such as p300/CBP, P/CAF (p300/CBP-associated factor) 
TAFII250, SNF2-SWI2 and GCN5 6.  PHD zinc fingers and bromodomains are also 
found to co-exist in the transcriptional adaptor protein p300 as well as the co-
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 	 Schematic illustration of the PHD zinc 
finger and the bromodomain. 
 
Top panel: The secondary structure of a bromodomain encoding helices Z, A, 
B and C. Source of figure: 4. 
 
Bottom panel: The primary structure of a PHD zinc finger highlighting the 
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Associated with Autoimmune polyglandular 






A cell cycle-regulated, chromatin-interacting 
transcription regulator of the SWI-SNF family; 
mutations affecting the PHD zinc finger motif 
and/or the helicase domain cause the ATRX 
syndrome (complex dysmorphy, mental 
retardation) 
*CREB (cyclic-AMP 
response element binding 
protein)
 Binding 







Transcriptional co-regulators/adaptor proteins 
that exhibit acetyltransferase activity; CBP is 
found to be mutated in Rubinstein-Taybi 
Syndrome (facial abnormalities, broad thumbs, 






A transcriptional repressor whose expression is 
up-regulated in Alzheimer’s dementia 
GCN5 Bromodomain 
protein 








Chromosomal translocation-associated fusion 
proteins involved in leukemia 


















Transcriptional co-repressors of Krüppel-type 
associated box (KRAB)-mediated repression 
*Mi-2β PHD zinc 
finger protein 







The largest subunit of the TFIID complex 
associated with the TATA-binding protein 








Associated with the Wolf-Hirschhorn Syndrome 







Associated with the Williams Syndrome 
(complex dysmorphy, mental retardation) 
 
TABLE 1: Prominent examples of PHD zinc finger and/or bromodomain-
containing proteins. The (*) label designates disease-associated PHD zinc 




    
 







	 Conservation of the PHD zinc finger 
across evolutionary boundaries.  
 
Numbers denote amino acid residues.  Residues in bold represent conserved 
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 8 
(1.2) The PHD zinc fingers and the bromodomains: functional 
implications  
(1.2.1) Protein motifs with biological significance 
The PHD zinc finger (Figure 2) and the bromodomain motifs are conserved 
across evolutionary boundaries from yeast to human and within different protein 
families.  The remarkable degree of evolutionary conservation strongly suggests that 
these secondary protein structures perform key cellular functions.  Indeed, the 
biological importance of the PHD zinc finger is underscored by its involvement in the 
pathogenesis of a panel of human disorders (Table 1).  For example: 
1. Clinically relevant missence mutations in PHD domain of the SNF2-
related transcriptional regulator ATRX, which affect conserved 
cysteine residues involved in the coordination of zinc ions, predispose 
individuals to the syndrome of X-linked α-thalassemia and mental 
retardation 3, 7. 
2. Germ line nonsense mutations in the AIRE gene, which result in 
truncated proteins lacking one or both of the PHD zinc fingers, cause 
autoimmune polyglandular syndrome type I (APECED) 8. 
3. Somatically acquired point mutations in the PHD zinc finger of the 
p53 tumor suppressor-associated factor ING1 have been identified in 
head and neck squamous cell carcinomas 9. 
4. Missense mutations within one of the PHD zinc fingers of trx, a 
protein that regulates the activity of HOX genes (a group of genes 
involved in the clonal inheritance of cell fates during development), 
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 9 
5. Chromosomal translocations that delete the PHD zinc finger in 
proteins such as MLL, CBP, MOZ and AF10 are associated with the 
development of myeloid leukemia 11. 
6. Genes encoding PHD zinc finger(s)-containing proteins have been 
identified in the critical deletion regions of several contiguous gene 
deletion syndromes, including William syndrome (WSTF) and the 
immunodeficiency syndrome ICF (DMNT3B) 12, 13. 
7. A single amino acid change (R1379P) in the PHD zinc finger of CBP, 
resulting in complete loss of HAT activity, is associated with the 
development of Rubinstein-Taybi Syndrome (RTS) 14.           
The prevalence of disease-causing mutations involving the PHD zinc fingers 
implicates a basic and essential in vivo role of this motif in some key aspects of 
normal cellular physiology.  Likewise, phenotypes linked to bromodomain deletion 
indicate that the bromodomain may serve critical cellular functions.  For instance, the 
bromodomain module is indispensable for the function of GCN5, an acetyltransferase, 
in yeast 15.  Similarly, bromodomains of the Saccharomyces cerevisiae protein, Bdf1, 
are required for sporulation and mitotic growth 15.  In addition, deletion of a 
bromodomain in hBrm causes both decreased stability and loss of nuclear localization 
of the SWI/SNF remodeling complex 15.  Finally, bromodomain deletion in Sth1, 
Rsc1 and Rsc2, three members of the nucleosome remodeling complex RSC 
(remodeling the structure of chromatin), causes a conditional lethal phenotype (in the 
case of Sth1) or a strong phenotypic inhibition on cell growth (in the cases of Rsc1 
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(1.2.2) The role of PHD zinc fingers and bromodomains in the regulation 
of eukaryotic gene transcription 
To date, the molecular function(s) of the PHD zinc fingers and the 
bromodomains remains largely undefined.  Nevertheless, the presence of these motifs 
in a repertoire of chromatin-associated factors, as evident from Table 1, implies that 
the PHD fingers and the bromodomains may play key roles in chromatin-dependent 
transcriptional regulation. 
Gene transcription in eukaryotic cells is tightly controlled through a multitude 
of regulatory mechanisms.  Modification of chromatin structure represents an 
important mechanism for regulating RNA polymerase II-mediated gene expression in 
eukaryotes 16, 17.  DNA in eukaryotic cells is wrapped around octamers of histone 
proteins to form array of nucleosomes, which are further organized into condensed, 
higher-order chromatin structure to facilitate packaging into the nuclear compartment.  
Nucleosomes are thought to act as natural repressors of transcription, as their presence 
precludes binding of transcription factors to target promoters.  For transcription to 
occur it is necessary to alter chromatin structure such that promoter and/or enhancer 
elements are rendered accessible to transcription factors.  Thus far, two chromatin-
modifying processes have been identified: 
a. Covalent modification of chromatin structure by Histone 
Acetyltransferases (HATs) and Histone Deacetylases (HDACs) via 
acetylation and deacetylation of histones.  
b. Alteration of nucleosomal structure and translational re-
positioning/phasing by ATP-dependent nucleosome remodeling 
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HATs/HDACs and ATP-driven chromatin remodeling machineries cooperate 
functionally to regulate the structural dynamics and fluidity of chromatin, which in 
effect influence the accessibility of transcription factors to promoters and enhancers 
17
.  Normally, SWI/SNF ensures continuous oscillation of nucleosomes between a 
functional and disrupted structure.  HAT targets and “fixes” the disrupted nucleosome 
in an inactive conformation by acetylating histones, thereby exposing promoter 
regions and enhancing accessibility of transcription factors to target cis-acting 
elements.  Removal of acetyl groups by HDACs would “unfix” disrupted 
nucleosomes, allowing for SWI/SNF-dependent reassembly of functional 
nucleosomes that inhibit transcription.  Therefore, HATs act as transcriptional co-
activators that alter chromatin structure in a manner that facilitates access of 
transcription factors to promoters, while HDACs reverse HAT-mediated effects, 
thereby inhibiting transcription.   
  The notion that the PHD fingers and the bromodomains are involved in 
chromatin-dependent transcriptional regulation is substantiated by a number of recent 
studies.  Unlike other types of zinc fingers, which are frequently associated with 
DNA binding, analysis of the solution structure of the PHD zinc finger from the 
KRIP-1 co-repressor reveals that the PHD zinc finger may serve as a protein-protein 
interaction domain important for proper spatial and temporal scaffolding of 
transcriptional complexes 3.  These structural data correlate well with the finding that 
the composite PHD finger and bromodomain of KRIP-1 (Table 1) form a cooperative 
unit that functions to target the histone deacetylase and chromatin remodeling 
activities of the NuRD complex, which is required for gene silencing, to specific gene 
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an integral part of the enzymatic core of the HAT domain.  The requirement of an 
intact PHD finger for CBP to execute its HAT and FAT (Factor Acetyltransferase) 
activity as well as transcriptional activity, further highlights the role of PHD zinc 
fingers in chromatin-dependent transcription 14.   
On the other hand, the bromodomain of the histone acetyltransferase (HAT) 
co-activator P/CAF (p300/CBP-associated factor) has been shown to interact 
specifically with acetylated lysine 19, while the bromodomain of the yeast co-activator 
Gcn5p has been reported to mediate specific protein-protein interactions with the 
amino-terminal tails of histones H3 and H4 in vitro 20.  The bromodomain/acetyl-
lysine recognition may serve as a pivotal mechanism for regulating protein-protein 
interactions important for the assembly and activity of multi-protein chromatin 
remodeling complexes at target enhancer and promoter regions.  Taken together, the 
PHD zinc fingers and the bromodomains may represent cooperative functional motifs 
that work hand in hand in regulating the complex process of eukaryotic gene 
transcription via chromatin remodeling.  While the bromodomains make direct 
contact with chromatin-associated proteins and anchor transcription factors to specific 
promoter and enhancer regions, the PHD fingers mediate protein-protein interactions 
that facilitate recruitment and assembly of regulatory complexes to their designated 
sites for gene regulation.   
Protein-protein interactions mediated by the PHD fingers are not solely 
associated with chromatin-mediated transcription.  A recent study conducted on the 
430-kDa myeloid lymphoid leukemia (MLL) protein reported that the third PHD 
finger of MLL makes a strong physical contact with the amino terminal RRM RNA 
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PHD finger with Cyp33 appear to target Cyp33 to specific nuclear subdomains and 
contribute to the modulation of HOX gene regulation in human cells 22.  It has been 
proposed that the transcriptional function of MLL is controlled by its association with 
Cyp33 via the PHD finger.  At transcriptionally inactive HOX loci, Cyp33 binds to 
MLL to promote repression.  In contrast, at transcriptionally active loci, Cyp33 is 
displaced from its association with MLL by AU-rich nascent RNA transcripts, 
thereby allowing MLL to function as an activator.  Therefore, competition between 
the MLL PHD finger and nascent RNA transcripts for binding to Cyp33 could 
provide a mechanism for the recognition and maintenance of transcriptionally active 
loci by the MLL complex.   
Apart from regulating gene activity, a recent study also reported that the PHD 
domains of the AIRE protein are important for the correct sub-cellular distribution of 
this protein 23, 24.  The exact mechanism by which the PHD domains mediate this 
process has yet to be elucidated. One possibility is that the PHD fingers bind to a 
component of the trafficking machinery that shuttles “cargo” proteins from one sub-
cellular compartment to another.   
A novel role for the PHD domain in ubiquitin/proteosome-mediated 
proteolysis has also been reported recently 25.  More precisely, the PHD domain of 
MEKK1 (Mitogen-activated protein kinase kinase Kinase) is shown to possess E3 
ubiquitin ligase activity toward ERK2 (Extracellular Signal-regulated Kinase).  This 
PHD-linked E3 ligase activity of MEKK1 is proposed to provide a negative 
regulatory mechanism for attenuating ERK1/2 activity.       
In summary, the PHD zinc fingers and the bromodomains serve to mediate 
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in the regulation of a wide spectrum of biological activities, including transcriptional 
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(2) Transcriptional Regulators interacting with the PHD zinc 
finger and/or the bromodomain (TRIP-Br) 
 
(2.1) Historical perspective 
Given the occurrence of the PHD zinc finger and/or the bromodomain in a 
host of transcriptional regulators, some of which have been implicated in human 
disease (Table 1), an understanding of the function of these conserved motifs is likely 
to provide valuable insights into general paradigms of transcriptional regulation.  In 
an attempt to elucidate the function of these motifs, a yeast two-hybrid screen 
employing the composite PHD-bromodomain derived from the transcription factor 
KRIP-1 (TIF1β) as a “bait” has previously been used to isolate cDNAs encoding 
proteins that interact with the PHD-bromodomain of KRIP-1 26.  The screen yielded 
three potential interactors, one of which corresponded to a previously uncharacterized 
gene. Preliminary analyses revealed that the protein encoded by this novel gene 
exhibited structural and functional features consistent with those of a transcriptional 
regulator.  Hence, this novel protein has been designated TRIP-Br1 (Transcriptional 
Regulator Interacting with the PHD-Bromodomain 1).  Using the cDNA sequence of 
TRIP-Br1 as query, a BLAST search identified a full-length human cDNA with no 
previously known function, KIAA0127 (Gene bank accession number D50917), 
which shares three large regions of homology with TRIP-Br1 26.  Based on its high 
degree of structural and functional homology to TRIP-Br1 (see 2.2), KIAA0127 has 
been designated TRIP-Br2.  Thus, TRIP-Br1 and TRIP-Br2 define a novel family of 
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	 Putative domain structure of human TRIP-
Br proteins. 
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(2.2) The structural features of the TRIP-Br proteins 
 TRIP-Br1 encodes an ORF of 236 amino acids, which is predicted to translate 
into a protein of 25.1 kDa with a pI of 3.99 (Figure 3).  The amino acid sequence of 
the murine TRIP-Br1 shows 86% identity to that of the human orthologue.  TRIP-Br2 
encodes an ORF of 314 amino acids.  This ORF is predicted to encode a protein of 
33.9 kDa with a pI of 4.12.  The amino acid sequence of human TRIP-Br2 is 81% 
identical to that of the mouse orthologue, exhibiting a high degree of conservation.   
 TRIP-Br1 and TRIP-Br2 share three regions of significant homology (Figure 
3).  These homology domains have been designated as TRIP-Br Homology Domain 
(THD) 1, 2 and 3 respectively 26.  THD-1, the amino-terminal region which is 30% 
identical between TRIP-Br1 and TRIP-Br2, contains a putative cyclin A binding 
motif 27 and a hydrophobic heptad repeat (zipper) 28, 29.  The highly basic amino acid 
residues present in the putative cyclin A binding motifs of both TRIP-Br proteins may 
also serve as a nuclear localization signal (NLS) 30.  The apparent heptad repeat 
domains of TRIP-Br1 and TRIP-Br2, which possess the potential to adopt 
amphipathic α-helical conformations, have been shown to mediate both homodimeric 
and heterodimeric (or higher order multimeric) interactions between TRIP-Br1 and 
TRIP-Br2 [S. I.-H. Hsu, E. O’Leary, J. V. Bonventre; unpublished data]. 
 THD-2 is 19% identical between TRIP-Br1 and TRIP-Br2 (Figure 3).  This 
domain is moderately rich in proline, acidic, serine and threonine residues, which are 
hallmarks of the PEST sequence frequently associated with proteins with short half-
lives or high turn-over rates 31.   
 THD-3, the carboxyl-terminal region with the highest degree of homology 
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the MDM2 acidic transactivation domain 26.  MDM2 is a p53-associated oncoprotein 
known to both inhibit p53-mediated transactivation 32 and to stimulate E2F-1/DP-1-
dependent transcriptional activity 33.  Based on serial deletion analysis, a minimum 
region encompassing amino acid residues 161-178 at the beginning of THD-3 of 
TRIP-Br1 have been shown to be critical for interaction with PHD-bromodomain of 
KRIP-1, TIF1α and SP140 26.  This region is the most highly conserved among all 
TRIP-Br proteins and is predicted to adopt a α-helical structure proposed to serve as 
an interface for interacting with the PHD-bromodomain motif. 
 
(2.3) The functional properties of the TRIP-Br proteins 
(2.3.1) The unique ability to interact with the PHD zinc finger and/or the 
bromodomain 
Preliminary protein-protein interaction studies utilizing a yeast two-hybrid 
system revealed that TRIP-Br1 interacts with the PHD zinc fingers and/or the 
bromodomains of related primary sequence found in KRIP-1, TIF1α and SP140, as 
well as those of unrelated primary sequence found in p300 34 and NF-X1 35, 
supporting the notion that TRIP-Br1 recognizes protein motifs defined by secondary 
structures (zinc fingers and α-helices) 26.  In addition, in vitro pull down assays reveal 
that both TRIP-Br1 and TRIP-Br2 interact with the PHD-bromodomain of KRIP-1 as 
well as full-length KRIP-1, supporting a direct interaction between KRIP-1 and the 
TRIP-Br proteins and indicating that this interaction is mediated at least in part 
through the PHD-bromodomain of KRIP-1 26.  Therefore, TRIP-Br1 and TRIP-Br2 
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with the PHD zinc finger and/or the bromodomain of structurally and functionally 
unrelated transcriptional regulators.  
 
(2.3.2) The TRIP-Br proteins possess potent acidic transactivation 
domains 
When recruited to a heterologous promoter bearing GAL4 DNA binding sites, 
both GAL4-TRIP-Br1 and GAL4-TRIP-Br2 fusion proteins function as potent and 
dose-dependent stimulators of both basal and enhancer-activated transcription in 
oncoprotein-transformed cells (293 and COS cells) as well as spontaneously 
immortalized LLC-PK1 porcine epithelial cells 26.  Serial deletion analyses map the 
transactivation domain of TRIP-Br1 and TRIP-Br2 to the carboxyl-terminal acidic 
region of both proteins.  Therefore, the TRIP-Br proteins possess potent carboxyl-
terminal acidic transactivation domains with structural features and functional 
properties consistent with those of a transcriptional activator. 
 
(2.3.3) Co-regulation of the E2F-1/DP-1 transcriptional activity 
Recently, TRIP-Br1 was shown to make a direct physical contact with DP-1 
both in vitro and in vivo 26.  Given that the transactivation domains of both TRIP-Br1 
and TRIP-Br2 share significant sequence homology with the acidic transactivation 
domain of the p53-associated transcription factor MDM2, and that MDM2 co-
activates E2F-1/DP-1, the TRIP-Br proteins have been predicted to function as co-
activators of E2F-1/DP-1.  Indeed, consistent with this prediction, it has been 
demonstrated in transient transfection studies and reporter assays that co-expression 
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osteosarcoma cells results in the dose-dependent stimulation of E2F-1/DP-1 
transcriptional activity of two gene-specific E2F-responsive promoters, namely the B-
myb and the p107 promoters, an effect that is independent of retinoblastoma (pRB) 
and p53 proteins (SAOS-2 cells lack functional pRB and p53) 26.  Therefore, 
recruitment of the TRIP-Br proteins to E2F/DP transcription complexes on E2F-
responsive promoters, represents a novel paradigm for the regulation of E2F 
transcriptional activity through as-of-yet undefined mechanism(s).  
 
(2.3.4) Functional significance of the PHD-bromodomain-interacting 
potentials of the TRIP-Br proteins 
The PHD-bromodomain-containing transcription factor, KRIP-1, co-
stimulates the transactivating potentials of both GAL4-TRIP-Br1 and GAL4-TRIP-
Br2, when the latter are recruited to a heterologous minimal promoter.  A mutant 
version of KRIP-1 (KRIP-1∆RBCC∆PHD-Br) in which the RING-B Box-Coiled Coil 
(RBCC) tripartite motif and the PHD-bromodomain have been deleted, fails to 
produce the co-activation effects, suggesting that the ability of KRIP-1 to interact 
with TRIP-Br proteins and/or its co-activation function is mediated through the 
evolutionarily conserved RBCC tripartite motif and/or the composite PHD-
bromodomain 26.  In addition, preliminary characterizations have revealed that the 
bromodomain-containing co-activator/adaptor proteins p300 and CBP also possesses 
a similar ability to co-regulate the transactivation functions of TRIP-Br1 and TRIP-
Br2 36.  When placed in the context of E2F-1/DP-1 regulation, co-expression of 
KRIP-1 with the TRIP-Br proteins further augments the co-activation of E2F-1/DP-1 
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transcription factor KRIP-1 cooperates with the TRIP-Br proteins to co-activate E2F-
1/DP-1.  pRB has been shown to physically associate with and mask the 
transactivation domain of the E2F-1 transcription factor, thereby suppressing its 
transcriptional functions.  The co-expression of pRB abolishes baseline E2F-1/DP-1 
transcriptional activity as well as TRIP-Br/KRIP-1 co-activation 26.  Such pRB-
mediated repression can be completely reversed in the presence of the E1A (12S) 
oncoprotein 26, which has been proposed to bind to and thereby sequester pRB from 
E2F-1 37.  These results strongly suggest that the TRIP-Br proteins regulate the E2F 
transcriptional activity by recruiting PHD-bromodomain-containing to E2F, and that 
the co-activation of E2F-1/DP-1 by the TRIP-Br proteins and KRIP-1 takes place 
within the well-established framework of E2F-1/DP-1 regulation by pRB and E1A. 
 
(2.4) The TRIP-Br proteins: a novel class of mammalian cell cycle 
regulator 
(2.4.1) The mammalian cell cycle 
The mammalian cell division cycle is demarcated into four distinct phases 
(Figure 4).  G1 (gap1) corresponds to a growth phase followed by S (synthesis) phase, 
in which DNA replication takes place.  G2 (gap2) follows S phase and precedes M 
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	 The mammalian cell cycle. 
 
Source of figure: 38. 
 
To ensure faithful duplication and passage of genetic information during cell 
division, transitions between different phases of the cell cycle are precisely 
coordinated by the cyclin-dependent kinases (Cdks), namely Cdk4/6, Cdk2 and Cdc2 
(Cdk1).  The exact temporal activation order of each Cdk is primarily achieved by its 
sequential association with a specific regulatory subunit, a cyclin, whose cyclical 
pattern of synthesis and degradation is tightly linked to the cell cycle.  The ordered 
activation of each Cdk-cyclin complex appears to proceed in a self-regulating fashion: 
each Cdk-cyclin complex triggers the synthesis of the next cyclin as well as the 
activation of the next Cdk-cyclin species, and also induces its own inactivation 
through proteolysis.  More precisely, mitogenic growth factors promote the synthesis 
of cyclin D, which in association with Cdk4/6 governs G1 cell cycle progression.  
Active Cdk4/6-cyclin D complexes induce the expression of cyclin E.  Cyclin E and 
Cdk2 assemble into an active complex that triggers the synthesis of cyclin A and 
commits the cells to DNA replication.  As the cells traverse the G1-to-S phase 
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releasing free Cdk2 to interact with the newly synthesized pool of cyclin A.   The 
timely association of cyclin A with Cdk2 contributes to the coordinated activation of 
the Cdk2-cyclin A complex, which in turn drives cells across the S/G2 boundary.  
Therefore, the sequential and periodic appearance of Cdk2-cyclin E and Cdk2-cyclin 
A activity determines the orderly progression from late G1, through S, to G2.  The 
subsequent disappearance of cyclin A allows the accumulation of cyclin B.  Cyclin B 
cooperates with Cdc2 (Cdk1) in driving cells across the G2/M boundary and 
facilitating mitosis.   
The Cdk-cyclin activities are positively and negatively regulated by both 
phosphorylation as well the association/dissociation of inhibitory molecules called 
Cdk inhibitors (CKIs), such as p21CIP/WAF1, p27KIP1 and p16INK4A (Figure 4).  The 
CKIs normally act as checkpoint control proteins to prevent unscheduled cell cycle 
progression.    
The cyclin-Cdk complexes control cell cycle progression by modulating the 
activities of key regulatory effectors.  For example, Cdk4/6 and Cdk2 control the G1 
to S phase transition by regulating the pRB-E2F cell cycle regulatory pathway.  The 
transcriptional functions of the E2F protein family are involved in coordinating the 
activities of the transcription apparatus with those of the cell cycle machinery in a 
manner that contributes to the timely expression of genes required for cell cycle 
progression and proliferation 29.  The E2F transcription factors recognize and bind to 
well-conserved DNA sequences collectively referred to as E2F response elements.  
Such elements have been discovered in the promoter regions of a repertoire of genes 
whose protein products are required for cell cycle progression.  These genes fall into 
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core DNA replication machinery [such as ribonucleotide reductase, DNA Polymerase 
α, the origin recognition complex (ORC)], direct regulators of cell-cycle transitions 
[such cyclins and Cdks] 39, and components of the DNA damage and repair pathways, 
as well as factors involved in chromatin assembly/condensation, chromosome 
segregation, and the mitotic spindle checkpoint 40.   
The transcriptional function(s) of E2F is regulated mainly by association 
between the E2F components of the E2F/DP heterodimer (see 2.4.2) with a member 
of the pRB family of tumor suppressor proteins collectively known as the pocket 
proteins: pRB, p107 and p130.  Pocket protein-E2F interactions are governed by the 
phosphorylation status of the pocket proteins, which is in turn influenced by the cell 
cycle-regulated activities of Cdk4/6-cyclin D and Cdk2-cyclin E complexes 41.  In 
quiescent (G0/G1) cells, the E2F component of the E2F transcription factors 
physically associates with members of the pocket protein family, which exist in the 
hypophosphorylated state.  Pocket protein-bound E2Fs are transcriptionally inactive 
and these complexes actively repress E2F-responsive genes.  The pocket proteins 
repress E2F-mediated transcription by at least two distinct mechanisms (Figure 5) 38, 
42: 
1. Pocket proteins bind E2F within its carboxyl-terminus, thereby physically 
masking the transactivation domain of E2F and inhibiting its trans-
activating functions. 
2. Pocket proteins possess the ability to recruit histone deacetylases 
(HDACs), the SWI/SNF family of chromatin-remodeling factors and/or 
histone methyltransferases (HMTases).  When recruited by pRB-E2F 
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ATP-dependent manner, while HDACs enzymatically remove acetyl 
groups from lysine 9 (Lys9) of the histone H3 tail. HMTases, such as 
SUV39H1, in turn, methylate Lys9 of histone H3 to create binding sites 
for members of the heterochromatin protein family (e.g. HP1), thereby 
facilitating condensation of nucleosomes into chromatin and inducing 
transcriptional silencing.   
When quiescent cells are stimulated to divide, the pocket protein functions of active 
repression and inactivation of E2F are successively lost through phosphorylation by 
cyclin D-Cdk4/6 and then cyclin E-Cdk2, respectively 41.  Initially, the C-terminal 
region the E2F-associated pocket proteins is phosphorylated by cyclin D-Cdk4/6, 
resulting in a conformational change that inhibits HDAC binding, thereby blocking 
active transcriptional repression by the pocket.  Subsequently, hyperphosphorylation 
by cyclin E-Cdk2 prevents pocket proteins from binding and inactivating E2F.  The 
hyperphosphorylated pocket proteins dissociate from E2Fs and the resulting 
“derepressed” E2Fs become transcriptionally active and induce the expression of 
target genes whose protein products are either directly or indirectly involved in DNA 
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	 The two possible mechanisms of pocket 
protein/E2F-DP complex-mediated repression of gene 
transcription in G1/G0 cells. 
 
Mechanism 1: pocket proteins inhibit the transcriptional activation function of 
E2F-DP complexes by binding to and masking the transactivation domain of 
E2F.  
 
Mechanism 2: pocket protein/E2F complexes bind to target promoters and 
actively repress E2F-responsive genes through the recruitment HDACs or 
SUV39H1. Figure adapted from 38. 






    
 
   
 27 
So far, the physiologic roles of the TRIP-Br proteins remain elusive.  
Nevertheless, there are several lines of indirect but compelling evidence inferring a 
role for the TRIP-Br proteins in regulation of cell cycle progression (see 2.4.2 – 2.4.6): 
1. The TRIP-Br proteins regulate the transcriptional activities of the 
growth-promoting and cell cycle regulatory E2F transcription factors, 
2. The TRIP-Br proteins interact physically with the cell cycle regulatory 
protein cyclin A, 
3. The expression of TRIP-Br1 is differentially regulated during the cell 
cycle, 
4. TRIP-Br1 binds to Cdk4 and modulates its kinase activity.  
 
(2.4.2) Functional relationships between the TRIP-Br proteins and the 
E2F family of transcription factors 
Both TRIP-Br1 and TRIP-Br2 have been shown to co-regulate E2F-1/DP-1 
transcriptional activities 26.  E2F-1 and DP-1 are representative members of the E2F 
family of transcription factors.  The protein complex E2F is a heterodimeric 
transcription factor containing a subunit encoded by the E2F gene family and a 
subunit encoded by the DP family of genes 43.  In mammalian cells, there are six E2F 
genes (encoding E2F1, E2F2, E2F3, E2F4, E2F5 and E2F6) and two DP genes 
(encoding DP1 and DP2).  E2F and DP proteins possess highly conserved DNA-
binding domains and dimerization domains (Figure 6).  In vivo, E2F proteins 
associate with DP proteins in a combinatorial fashion to generate heterodimers 
consisting of all possible subunit compositions that execute both specialized and 
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 	 Structural organization of mammalian 
E2F and DP proteins. 
 
E2 and DP proteins share conserved DNA-binding (black box) and 
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The E2Fs can be classified into three subgroups based on their structure, 
affinity for members of the pRB family, expression pattern and putative function 44, 
as summarized in Table 2 below: 
Group Members Characteristic features 
1 E2F1, E2F2 & E2F3  Associate exclusively with 
pRB at physiological levels 
 Ectopic expression is 
sufficient to induce S-phase 
in serum-starved cells in 
tissue culture  
 Mainly involved in the 
regulation of cell proliferation 
and apoptosis 
2 E2F4 & E2F5  Associate with all three pRB 
family members (pRB, p107 
and p130) 
 Expression is not cell cycle 
regulated 
 Unable to induce S-phase in 
quiescence cells 
 Mainly involved in the 
regulation of differentiation 
and development  
3 E2F6  Lacks the domains involved 
in transactivation and 
binding to the pRB family 








Given that the E2F transcription factors promote the G1-to-S transition and 
that E2F-1 plays a role in the regulation of cell proliferation, the unique ability of the 
TRIP-Br proteins and the PHD-bromodomain KRIP-1 protein to co-regulate E2F-
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(2.4.3) Functional interactions between the TRIP-Br proteins and the cell 
cycle regulatory protein, cyclin A 
Both TRIP-Br1 and TRIP-Br2 have been shown to interact with cyclin-A in 
vitro [S. I.-H. Hsu, J. V. Bonventre; unpublished data].  It has been proposed that 
these interactions are mediated through the putative cyclin-A binding motif (RXL 
motif) located in THD-1 of both TRIP-Br proteins.   
Cyclin A is a cell cycle regulatory protein whose expression level peaks 
towards the end of S phase.  Cyclin A-Cdk2 complexes coordinate the progression 
through S phase, in part, by modulating the activity of the E2F family of transcription 
factors via phosphorylation.  Extensive biochemical characterizations have revealed 
that cyclin A-Cdk2 binds to a conserved motif located at the N-terminal region of 
E2F1, E2F2 and E2F3 43.  Kinase bound through this motif to E2F/DP phosphorylates 
both the E2F and DP subunits and inhibits the DNA-binding activity of E2F/DP 
dimer.  Tentatively, this contributes to the down-regulation of E2F activity required 
for cells to exit S phase.  In addition, cyclin A-Cdk2 also phosphorylates the Cdh1 
subunit of the Anaphase Promoting Complex (APC), an ubiquitin ligase that 
depresses the level of another cyclin, cyclin B 42.  Phosphorylation of APC by cyclin 
A-Cdk2 blocks the activity of APC, thereby allowing the accumulation of cyclin B in 
preparation for entry into mitosis at the G2/S boundary.  Therefore, cyclin A is a 
physiological regulator of S/G2/M transitions in cell cycle progression.      
The finding that both TRIP-Br proteins interact with cyclin A further 
strengthens the hypothesis that the TRIP-Br proteins are putative regulators of the cell 
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cyclin A-Cdk2.  Alternatively, the TRIP-Br proteins may serve as downstream 
phosphorylation targets of cyclin A-Cdk2.       
 
(2.4.4) Cell cycle regulated expression of hTRIP-Br1 
Endogenous TRIP-Br1 protein has been found to be regulated during the cell 
cycle, the level of expression being highest during S phase 26.  This differential 
expression pattern is consistent with a physiologic role for TRIP-Br1 in the regulation 
of S phase traversal.   
 
(2.4.5) hTRIP-Br, a Cdk4-interacting regulatory protein 
In mammalian cells, Cdk4 and Cdk6 in conjunction with D-type cyclins, 
regulate entry into cell cycle and progression through G1 in response to mitogenic 
stimulation 45.  The activities of Cdk4/Cdk6 are tightly regulated by a multitude of 
mechanisms, including interaction with various classes of regulatory proteins 46.  One 
such class of regulatory proteins is the INK4 family of CKIs.  The INK4 family 
proteins (p16INK4a, p15INK4b, p18INK4c, p19INK4d) specifically bind to and inactivate 
Cdk4/Cdk6 47, 48.   
In a recent study, TRIP-Br1 (p34SEI1) has been shown to form a complex with 
cyclin D1-Cdk4, in a manner that renders the cyclin D1-Cdk4  complex resistant to 
inhibition by p16INK4a 49.  In addition, over-expression of TRIP-Br1 enables fibroblasts 
to proliferate in low serum concentrations 49. It has been proposed that TRIP-Br1 may 
act as a growth factor sensor that facilitates the formation and activation of cyclin-
D/Cdk (cyclin-dependent kinase) complexes and hence drives cell cycle progression 
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(2.4.6) The integrator model of TRIP-Br protein function in cell cycle 
regulation 
The summation of the above observations and findings has led to the synthesis 
of a hypothetical model to explain the dual role of hTRIP-Br1 in the regulation of 
mammalian cell cycle progression 26 (Figure 7).  The proposed model predicts that in 
response to mitogenic stimulation and in the presence of hTRIP-Br1, cyclin-D 
associates with Cdk4 to form an active complex that is resistant to the inhibitory 
effects of p16INK4a 49.  This active complex contributes to cyclin-E/Cdk2 activation 
and generation of hypo-phosphorylated pRB.  The hypo-phosphorylated pRB bound 
to transcriptionally inactive E2F-1/DP-1 complexes serves as a target for hyper-
phosphorylation by activated cyclin-E/Cdk2, resulting in the dissociation of pRB and 
release of cells from the late G1 checkpoint.  Upon pRB dissociation, the TRIP-Br 
proteins are recruited to the E2F/DP complexes through physical association with the 
DP component, resulting in the assembly of the E2F/DP/TRIP-Br ternary complexes.  
By virtue of their unique PHD-bromodomain-interacting properties, the TRIP-Br 
proteins may serve as “integrators” to recruit PHD zinc finger- and/or bromodomain-
containing transcription regulators, such as KRIP-1 and p300/CBP, to the E2F/DP 
heterodimers 26.  This presumably allows the TRIP-Br proteins to co-regulate the 
transcriptional activities of the E2F/DP complexes by integrating positive or negative 
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 	 The integrator model of TRIP-Br Protein 
Function 26. 
 
In response to mitogenic stimulation and in the presence of TRIP-Br1 (step 
1), cyclin D associates with Cdk4 simultaneously with p16INK4a (step 2) to 
form a functionally active quaternary complex 49.  This complex contributes 
both to cyclin E-Cdk2 activation and hypo-phosphorylation of pRB (step 3).  
The hypo-phosphorylated pRB bound to transcriptionally inactive E2F-1/DP-1 
complexes serves as a hyper-phosphorylation target of cyclin E-Cdk2 (step 
4), resulting in the dissociation of pRB and release of cells from the late G1 
checkpoint.  Upon pRB dissociation, TRIP-Br1 is recruited to the E2F-1/DP-1 
complexes on E2F-responsive promoters through physical association with 
DP-1 (step 5), resulting in the assembly of an E2F-1/DP-1/TRIP-Br1 ternary 
complex.  PHD zinc finger- and/or bromodomain-containing proteins such as 
p300/CBP and KRIP-1 compete for binding to TRIP-Br proteins and confer 
positive (+) or negative (-) regulatory signals to E2F-1/DP-1 transcription 
complexes assembled on E2F-responsive promoters (step 6).  An 
“integrated” transcriptional read-out is achieved by effects on the basal 





E2F1 DP1 ( - )
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Materials and Methods 
 
(1) Materials 
(1.1) Plasmid DNA and cDNA clones:   
The pGL3-6×E2F-TATA/Luciferase reporter plasmid, and the corresponding minimal 
reporter, pGL3-TATA/Luciferase, were kind gifts from Dr. Kristian Helin (European 
Institute of Oncology).  The pRcSV/cyclin E and pCMV/Cdk2 were kind gifts from 
Dr. Steve Reed (The Scripps Research Institute, USA).  The plasmid DNA and cDNA 
clones for in vitro translation (IVT) and transfection experiments have been 
previously described 26. 
 
(1.2) Biochemical reagents:   
Cycloheximide (C 7698) and 4-hydroxytamoxifen (OHT; H 7904) were purchased 
from Sigma.  The caspase-3 fluorogenic substrate Ac-DEVD-AFC (Bio-rad; 170-
3178) and the apoptosis-inducing agent etoposide (eto) were kind gifts from Dr. 
Clement M. Veronique, (National University of Singapore).  Mouse monoclonal 
antibody for human PARP (66391A) was purchased from Pharmingen.  Mouse 
monoclonal antibodies for Cdk7 (sc-7344) and Mat1 (sc-13142) were from Santa 
Cruz Biotechnology.  Rabbit polyclonal antibodies for cyclin A (sc-596), cyclin D1 
(sc-718), cyclin E (sc-481), Cdk2 (sc-163), E2F1 (sc-193), HA-probe (sc-805) and 
Geminin (sc-13015), as well as HRP-conjugated anti-rabbit (sc-2004) and anti-mouse 
(sc-2005) secondary antibodies were purchased from Santa Cruz Biotechnology.  The 
agarose-conjugated anti-GAL4 (DBD) mouse monoclonal antibody (sc-510) for 
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(1.3) Synthetic peptides:   
Synthetic peptides and N-terminal fluoresceinated peptides were synthesized and 
purified commercially (Louisiana State University Health Sciences Centre [LSUHSC] 
Core Facilities, USA).  The following carboxyl-terminal amidated decoy peptides 
were synthesized.  Underlined residues represent the penetration domain, while 
italicized residues represent the PHD-bromodomain interacting regions: 
1. (*SCR) NH2--ERQIKIWFQNRRMKWKKGLDEDGLLLFCEGDTIAD--CONH  
2. (*Br1) NH2--ERQIKIWFQNRRMKWKKATGCLLDDGLEGLFEDID--CONH  
3. (*Br2)  NH2--ERQIKIWFQNRRMKWKKTGFLTDLTLDDILFADID--CONH  
 
(1.4) Synthetic oligonucleotides:   
Synthetic oligonucleotides, including primer pairs for polymerase chain reactions 
(PCR) and DNA probes for electro-mobility shift assays (EMSA), were synthesized 
and purified commercially (GENSET, Singapore).  DNA enzymes were synthesized 
commercially (GENSET SA, Paris) with an inverted thymidine at the 3’ position.  The 
following three DNA enzymes were synthesized.  Underlined residues represent the 
DNA enzyme catalytic core:  
E-Br2: 5’-T TAC CCA ACA GGC TAG CTA CAA CGA ATA TCA CA-3’ 
E-Br1: 5’-T TGC TCA GCA GGC TAG CTA CAA CGA CTT GCT CA-3’ 
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(1.5) Bacterial strains:   
The DH5α® Escherichia coli strain was used as host for molecular cloning and 
transformation.  The bacterial strain carries the following genotype: φ80dlacZ∆M15, 
recA1, endA1, gyrA96, thi-1, hsdR17 (rK-, mK+), supE44, relA1, deoR, ∆(lacZYA-
argF)U169 50.  The bacterial cells were maintained as glycerol freezer stocks at –
80oC.   
 
(1.6) Tissue culture cell lines:   
The human osteosarcoma cell lines U2OS and the human lung fibroblasts WI-38 were 
purchased from American Tissue Culture Collection (ATCC).  U2OS cells stably 
expressing ER-E2F-1 were a kind gift from Dr. Kristian Helin (European Institute of 
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(2) Methods 
(2.1) Maintenance and handling of tissue culture cells: 
All tissue culture cell lines were maintained in 75 cm2 V/C tissue culture flasks 
(NuncTM) at 37oC in a humidified atmosphere of 5% carbon dioxide (CO2) and grown 
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) supplemented with 10% 
characterized fetal bovine serum (FBS) (Hyclone®) and anti-microbial agents (50 
IU/ml penicillin, 50 µg/ml streptomycin and 50 µg/ml gentamycin).  Cells were 
passaged at 2 to 3-day intervals.  During each passage, spent growth medium was 
aspirated and cells were washed once with sterile 1×PBS.  Thereafter, cells were 
treated with 2 ml trypsin (Sigma) for 2 minutes.  The trypsin treatment was quenched 
by adding 7 ml fresh growth medium and 1:2 of the resulting cell suspension was 
transferred to a new culture flask.  For sub-culturing in various plate formats 
(NuncTM), cells were seeded consistently at 5×104 cells/10 cm2.    
 
(2.2) Preparation of competent bacterial cells:   
DH5α® E. coli cells were grown overnight from a single colony in 5 ml of Luria-
Bertani (LB) medium.  0.25 ml of the overnight culture was inoculated into 25 ml of 
fresh LB medium and grown for 1 to 2 hours until the optical density at 650 nm 
(OD650) of 0.3–0.4 was achieved.  25 ml of ice-cold sterile 2×TSS [40% (w/v) 
polyethyleneglycol 3350, 30% (v/v) LB medium supplemented with 1M glucose, 0.1 
M MgCl2 and 10% dimethyl sulphoxide (DMSO)] was added to the culture on ice.  
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(2.3) Transformation and maintenance of plasmid DNA clones:   
Plasmid DNA samples were introduced into competent DH5α® E. coli cells by 
standard transformation protocols.  Briefly, for each transformation, 50 µl competent 
cells were pre-incubated with 0.85 µl β-mercaptoethanol on ice prior to the addition 
of plasmid DNA.  After 30 minutes of incubation on ice, the cell-DNA mixture was 
subjected to brief heat-shock at 42oC for 45 seconds and then rapidly cooled on ice 
for 2 minutes.  Following the addition of 300 µl SOC media, the cells were grown at 
37oC for 1 hour under constant agitation (200 revolutions per minute).  100 µl of the 
culture were plated on LB agar plates supplemented with ampicillin (100 µg/ml) and 
grown overnight at 37oC.  Single colonies were picked for screening and positive 
transformants were maintained as glycerol stocks at –70oC for long-term storage. 
 
(2.4) Mini- and maxi-scale preparation of plasmid DNA from bacteria:   
Mini-scale preparation (mini-prep) and maxi-scale preparation (maxi-prep) of 
plasmid DNA from bacteria were performed using the mini-prep and the maxi-prep 
kits (Qiagen) respectively according to manufacturer’s protocols.  For mini-preps, 
plasmid-bearing bacterial cells (either from a single colony or from glycerol stock) 
were inoculated into 5 ml of LB media supplemented with the appropriate antibiotics 
for selection and grown overnight in a shaking culture at 37oC.  For maxi-preps, a 5-
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(2.5) Quantitation and purity assessment of DNA or RNA:   
The concentrations of DNA or RNA preparations were measured by means of 
spectrophotometry (BIO-RAD SmartSpecTM 3000).  DNA or RNA purity was 
determined from the A260/A280 absorbance ratio. 
     
(2.6) Screening of transformants for positive clones:   
Restriction enzyme (RE) digest analysis was employed as the means to screen 
transformants for the desired clones.  RE digest analyses were performed on 200 ng 
of mini-prep plasmid DNA using the appropriate restriction endonucleases (New 
England Biolabs) under conditions specified by the manufacturer.  Restriction 
fragments were analyzed by agarose gel electrophoresis.    
 
(2.7) Gel electrophoresis of DNA products:   
DNA products were analyzed by agarose gel electrophoresis in a Hoefer® mini-gel 
horizontal submarine electrophoresis unit (Pharmacia Biotech).  Agarose gels (0.7%-
1.5%) were prepared from Seakem® LE agarose (FMC Bioproducts) and 1×TAE was 
used as running buffer.  Following electrophoresis, ethidium bromide-stained DNA 
products were visualized using a ultra-violet (UV) trans-illuminator.         
 
(2.8) Preparation of proteins by in vitro translation:   
In vitro translation (IVT) products were synthesized from mini-scale plasmid 
preparations of pcDNA3/TRIP-Br1, pcDNA3/TRIP-Br2 and 
pBlueScript/GAL4/KRIP-1 using the TNT T7 coupled reticulocyte lysate system 
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volume of 50 µl by incubating 1.0 µg of the indicated DNA template in nuclease-free 
water with 30 µl of TNT Quick master mix in the presence of cold methionine (Met) 
at 30oC for 90 minutes.     
 
(2.9) Preparation of peptide stock solutions:   
The lyophilized peptide preparations were reconstituted in sterile Dimethyl 
Sulphoxide (DMSO) to make 2.5 mM stock solutions. 
 
(2.10) Preparation of proteins from tissue culture: 
Cells grown in tissue culture were washed in cold PBS and lysed in situ in sample 
buffer (50 mM Tris-Cl, pH 6.8, 2 % SDS, 10% glycerol, 0.1% bromophenol blue and 
100 mM DTT).  Whole cell lysates were heated at 100oC for 10 minutes prior to 
electrophoresis.   
 
(2.11) Analysis of proteins by polyacrylamide gel electrophoresis 
(PAGE): 
Proteins were analyzed by denaturing or Sodium Dodecyl Sulphate (SDS) PAGE 
performed with 1× running buffer (25 mM Tris pH 8.6, 0.19 M glycine, 0.1% SDS) in 
a mini vertical electrophoresis apparatus (BIO-RAD) at constant voltage (80 V).  
Separation of complex protein mixtures was achieved using a discontinuous 
polyacrylamide gel system consisting of a stacking gel and a separating gel.  Both the 
stacking and the separating gel were prepared from 30% w/v acrylamide/bis solution 
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buffer (0.125 M Tris pH6.8, 0.1% SDS) while separating gel was prepared in lower 
Tris buffer (0.4 M pH 8.6, 0.1% SDS).   
 
(2.12) Western blot for protein detection: 
Following electrophoresis, proteins were transferred from gel to nitrocellulose 
membrane (ImmobilonTM-P, Millipore) by electro-blotting (30V overnight at 4oC) in 
transfer buffer (50 mM Tris, 384 mM glycine, 20% methanol, 0.01% SDS).  
Following blocking (1×PBS, 0.5% Tween 20, 4% [w/v] non-fat milk), target proteins 
were detected using a 1:2,500 dilution of specific primary antibodies.  Anti-mouse or 
anti-rabbit IgG antibodies conjugated with horseradish peroxidase (Santa Cruz) were 
used to visualize immunoreactive proteins at 1:2,500 dilutions using enhanced 
chemiluminescence (Pierce).   
 
(2.13) Electro-mobility shift assay (EMSA):   
DNA probe for EMSA was obtained by end-labeling a double-stranded synthetic 
oligonucleotide bearing a GAL4 upstream activation sequence (UAS) {5’-
AATTCGGGTGACAGC CCTCCGAAGGGTAC-3’} with digoxigenin (DIG) using 
the DIG gel shift kit (Boehringer Mannheim).  The DNA-protein binding reactions 
for electro-mobility shift analyses were performed on ice for 30 minutes using 0.015 
pmol of probe and 2.5 µl of GAL4-KRIP1, full-length murine TRIP-Br1 or full-
length human TRIP-Br2 in vitro translation (IVT) products.  The binding buffer for 
the binding reactions was as described previously 51.  The resulting DNA-protein 
complexes were resolved by electrophoresis using a 3% native polyacrylamide gel 
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appropriate amounts of 40% acrylamide and 2% bis-acrylamide solutions (Pharmacia 
Biotech) with Tris-borate EDTA (TBE) buffer (pH 7.5) and polymerization was 
allowed to proceed at room temperature in the presence of ammonium persulphate 
and TEMED.  Electrophoresis was performed with 0.25×TBE running buffer (pH 7.5) 
at 4oC for 2 hours at 160V in a Hoefer® vertical electrophoresis apparatus. 
Thereafter, DNA in the gel was transferred onto a nylon membrane (Boehringer 
Mannheim) by electro-blotting at 400 mA for 30 minutes.  The relative positions of 
DNA-protein complexes on the nylon membrane were visualized by 
chemiluminescence detection employing the DIG gel shift kit (Boehringer 
Mannheim).  For the analysis of decoy peptide-mediated blocking activity, the 
GAL4-KRIP1 IVT product was pre-incubated with probe and decoy peptide on ice 
for 15 minutes prior to addition of murine TRIP-Br1 or full-length human TRIP-Br2 
IVT products.  The resulting reaction mixture was incubated for a further 20 minutes 
on ice prior to electrophoresis. 
 
(2.14) Treatment of cells with decoy peptides: 
Cells were exposed to working decoy peptide solutions prepared fresh by diluting 
peptide stock solution in growth medium to a final concentration of 50 µM (unless 
stated otherwise).  
 
(2.15) Confocal microscopy:   
For confocal microscopy, sub-confluent U2OS cells were cultured in 8-well chamber 
mounted on #1.0 German borosilicate coverglass (Lab-Tek®) and exposed to either 
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Shortly before fluorescence imaging, treated cells were washed with 1×PBS and 
incubated in fresh, peptide-free medium to minimize background noise.  Images were 
obtained with a Carl Zeiss 510 laser-scanning microscope using the plan-neafluar 
40×/0.75 Ph2 objectives (laser excitation wavelength = 488 nm; emission wavelength 
= 500-550 nm). 
 
(2.16) Measurement of peptide internalization efficiency by fluorescence-
activated cell sorting (FACS):   
Sub-confluent U2OS cells were grown in 6-well dishes and exposed to either vehicle 
(0.5% DMSO) or 50 µM of fluoresceinated decoy peptides for 24 and 48 hours.  At 
the time of harvest, cells were fixed with 2% paraformaldehyde followed by 70% 
ethanol prior to FACS.  FACS was performed with a Coulter EPICS® ELITE ESP 
flow cytometer (laser wavelength = 488 nm).  Data obtained were analyzed using the 
WinMDI (version 2.7) computer software and statistical computations (one-way 
ANOVA test) were performed using the SPSS software.  
 
(2.17) DNA Transfection and Sequential β-Galactosidase/Luciferase 
Assay:   
Plasmid DNA preparations for transfection were prepared by maxi-prep.  Following 
quantitation, plasmid preparations were diluted to 200 ng/µl with sterile double 
deionized water and filter-sterilized (0.2 µm, Minisart®, Sartorius).  For validating 
decoy peptide antagonism in vivo, U2OS cells were sub-cultured in 24-well plates, 
transfected with the indicated plasmids using Superfect (Qiagen), and then exposed to 
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peptide antagonism on E2F-responsive transcription, U2OS cells were cultured in 6-
well plates and transfected 24 hours later with various reporter plasmids by the 
calcium precipitation method as previously described 33.  24 hours following 
precipitate removal cells were exposed for 5 hours to 0.5 ml of growth medium 
containing either vehicle (0.5% DMSO) or 50 µM decoy peptides, prior to harvesting.  
In both studies, cells were scraped in 200 µl of lysis buffer and a single 10 µl aliquot 
of lysate was immediately used for sequential measurement of β-galactosidase and 
luciferase activity using the Dual Light System (Tropix).  For the various protein 
over-expression studies, U2OS cells in between passages 3 and 10 were sub-cultured 
at 1×105 cells/10 cm2 for 24 hours before being transfected with plasmid DNA using 
Superfect in accordance to manufacturer’s recommendations (Qiagen).        
 
(2.18) DNA enzyme transfection:   
WI-38 cells in between passages 3 and 10 were rendered quiescent by cultivation in 
serum-free medium for 72 hours before being transfected with DNA enzyme (0.1 µM) 
using Superfect in accordance to manufacturer’s recommendations (Qiagen) as 
reported previously 52.        
 
(2.19) Semi-quantitative RT-PCR:   
Total RNA extraction was effected using the TRIZOL® Reagent (Life Technologies) 
and 4 µg of RNA was reverse-transcribed using oligo-dT and M-MLV reverse 
transcriptase (Promega) in a total reaction volume of 20 µl. Polymerase Chain 
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deoxyribonucleotide triphosphates (dNTPs) and 40 µM of specific primer pairs in a 
total reaction volume of 25 µl.  The cycling profile for the 30-cycle PCR was as 







Sequences of gene-specific primers are as follow: 
Target gene 
Forward primer Reverse primer 
β-Actin 5’-GTG GGG CGC CCC AGG 
CAC CA-3’  
5’-CTC CTT AAT GTC ACG 
CAC GAT TC-3’ 
CCNA2 
(Cyclin A2) 
5'- ACA GCC TGC GTT CAC 
CAT TC -3' 
5'- CAT GCT GTG GTG CTT 
TGA GGT AG -3' 
CCNE 
(Cyclin E) 
5’-GCG AAG GAG CGG GAC 
ACC-3’  
5’-CCC GCT GCT CTG CTT 
CTT ACC-3’ 
Cdc2 5’-GAG ACG AGC GGC TTG 
TTG-3’  
5’-AAA TAT GGA TGA TTC 
AGT GCC-3’ 
dhfr 5’-GCT AAA CTG CAT CGT 
CGC-3’  




5'- GGG GCC GGA GTG GAT 
TTG -3' 
5'- GAA AAT CCC AGG CAA 




2 min 30 sec 
30 sec 
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Fbxw7 5’- CGA GAA GCG GTT TGA 
TAC TGA GC –3’ 
5’- CAG CAG CTT GGT TTC 
TTC AGT CCC –3’ 
PCNA 5'- AGG CGT AGC AGA GTG 
GTC GTT GTC -3' 
5'- TGT TTC CAT TTC CAA 
GTT CTC CAC -3' 
hTRIP-Br1 5’- GTG GCT ACC TCT TCG 
TTC TG -3’ 
5’- AGA CAA CCA TTC CAG 
CAC GAG –3’ 
hTRIP-Br2 5’- CGC CGC CGC CTC CAC 
CAT TG -3’ 
5’- CTG GCG CTG TAA GGT 
GTA AG –3’ 
 
Post-PCR samples were analyzed by electrophoresis on 2% agarose gel pre-stained 
with ethidium bromide (EtBr) and intensity of DNA bands was quantified through 
densitometry analysis. 
 
(2.20) Cell proliferation assay:   
For the decoy peptide experiments, U2OS cells were grown in a 96-well plate for 24 
hours.  Cells in each well were then exposed to 100 µl growth medium containing 
either vehicle (0.5% DMSO) or 50 µM decoy peptides for 24 and 48 hours. At the 
end of the indicated treatments, the cells were exposed to Bromodeoxyuridine (BrdU, 
100 µM) for 2 hours.  For the DNA enzyme experiments, growth-quiescent WI-38 
cells in 96-well dishes were transfected with DNA enzyme and/or 100 ng of 
pCMV/E2F1, pCMV/DP1, pRSV/Cyclin E, pCMV/Cyclin A or pCMV/Cdk2 and 
then exposed to Bromodeoxyuridine (BrdU, 100 µM) in the presence or absence of 
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with a colorimetric ELISA assay using a cell proliferation kit according to 
manufacturer’s recommendations (Boehringer Mannheim).  
 
(2.21) Determination of cell number:   
For the decoy peptide experiments, U2OS cells grown in 6-well tissue culture dishes 
for 24 hours were exposed to 2 ml of growth medium containing either vehicle (0.5% 
DMSO) or 50 M decoy peptides for 48 or 72 hours.  Following treatment, the cells 
were washed twice with 1×PBS, harvested by trypsinization and resuspended in 1 ml 
1×PBS.  10 µl of cell suspension was taken from each sample and enumerated either 
electronically or manually.  For the DNA enzyme experiments, growth-quiescent WI-
38 cells in 24-well dishes were transfected with DNA enzyme and then exposed to 
5% FBS for 72 hours.  The cells were rinsed with PBS, pH 7.4, and trypsinized, and 
10 µl of cell suspension was taken from each sample for manual cell count.  For 
electronic total cell counts, 10 µl of cell suspension was diluted in 20 ml of isoton® II 
buffer (Coulter®) and cell number was estimated using an electronic Coulter® 
counter.  For manual counting of viable cells, 10 µl of cell suspension from each 
sample was mixed with equal volume of trypan blue stain (Sigma, 0.4% w/v in 
1×PBS).  The number of unstained cells was enumerated manually using a 
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(2.22) Colony formation assay: 
For crystal violet staining experiments, growth-quiescent WI-38 cells in 12-well 
dishes were transfected with DNA enzyme and then exposed to 10% FBS for 120 
hours.  Cells were stained in situ with crystal violet (0.75% w/v hexamethyl-p-
rosaniline chloride [SIGMA], 50% ethanol, 1.75% w/v paraformaldehyde, 0.25% w/v 
NaCl) for 10 min, and then rinsed thoroughly with deionized water to remove excess 
stains.   
 
(2.23) Cell cycle profile and TUNEL staining analyses by flow cytometry:   
U2OS cells in 6-well culture dishes were grown for 24 hours prior to exposure to 2 ml 
of growth medium containing either vehicle (0.5% DMSO) or 50 M decoy peptides.  
Either 48 h or 72 hours post-treatment, cells were harvested by trypsinization.  Cell 
preparation for cell cycle profile analysis by flow cytometry analysis was performed 
as previously described 53.  For the TUNEL staining assay, the procedures for cell 
fixation, DNA strand break 3’-hydroxyl end labeling with bromolated deoxyuridine 
triphosphate nucleotides (Br-dUTPs) and subsequent Fluorescein-conjugated anti-Br-
dUTP monoclonal antibodies staining were performed as recommended by the APO-
BRDUTM kit (CHEMICON).  Flow cytometry was done on a Coulter EPICS® ELITE 
ESP flow cytometer using a laser wavelength of 488 nm and data analyses were 
performed using the following computer software: WinMDI (version 2.7) and 
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(2.24) Cell synchronization at the G2/M boundary and cell cycle 
progression analyses:   
U2OS cells in 6-well tissue culture dishes were grown for 12 hours prior to exposure 
to 75 ng/ml nocodazole for 22 hours.  Thereafter, the nocodazole-arrested cultures 
were released by washing with 1×PBS and growth in DMEM plus 10% FBS 
containing either vehicle (0.5% DMSO) or 25 M decoy peptides. Cells were 
harvested at 4-hour intervals for FACS, western blot and RT-PCR analyses.  For the 
analysis of Geminin protein profile, mock- or cyclin E/Cdk2-transfected U2OS cells 
were exposed to nocodazole at 3 hours post-transfection. 
 
(2.25) Caspase assay: 
Both adherent and detached cells were harvested using a policeman scraper.  
Harvested cells were centrifuged at 2000 rpm for 15 min at 4oC.  The resulting cell 
pellets were incubated in 50 µl of chilled lysis buffer (Clontech) on ice for 10 min.  
Cell lysates were incubated in a reaction mix containing 10 mM HEPES, 2.0 mM 
EDTA, 10 mM KCl, 1.5 mM MgCl2, 1.0 mM PMSF, aprotinine, pepstatin A and 
leupeptine (20 µM each), 6.0 mM DTT and Ac-DEVD-AFC (4.0 µg/ml).  Reactions 
were allowed to proceed at room temperature and fluorescence readings were taken at 
15 min intervals for 1 hour using a spectrofluorometer (excitation wavelength: 400 
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(2.26) Protein decay analysis:   
Transfected or peptide-treated cells were exposed to cycloheximide (20 µg/ml) and 
whole cell lysates were prepared from the treated cells at 0, 1, 2, 3, 4 or 5-hour post- 
cycloheximide treatment for western blot analysis. 
 
(2.27) Immunoprecipitation assay (IP): 
In vitro binding reactions for IP were performed by incubating 1.5 µl [35S]-Met 
labeled GAL4 or GAL4-KRIP-1 IVT products with 3 µl [35S]-Met labeled TRIP-Br1 
or TRIP-Br2 IVT products in 1× IP buffer 26 at 4oC for 1 hour.  For the analysis of 
decoy peptide-mediated blocking activity, the GAL4-KRIP-1 IVT product was pre-
incubated with 25 µM decoy peptides at 4oC for 30 minutes prior to addition of full-
length TRIP-Br1 or TRIP-Br2 IVT products.  Protein complexes precipitated using 
agarose-conjugated anti-GAL4 antibody were resolved by SDS-PAGE and then 
processed for autoradiography.  For studying endogenous protein-protein interactions, 
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(1) Decoy peptides as molecular tools to probe the function of 
the PHD-bromodomain-interacting domain of TRIP-Br 
proteins 
 
(1.1) Designing decoy peptides that antagonize physical interactions 
between TRIP-Br proteins and PHD zinc fingers and/or bromodomain-
containing proteins 
In order to gain further insights into the physiologic functions(s) of the TRIP-
Br proteins, a strategy was devised to antagonize the ability of TRIP-Br1 and TRIP-
Br2 to interact with the evolutionarily conserved PHD zinc fingers and/or 
bromodomains found in a host of important transcriptional regulatory proteins such as 
p300/CBP 14 and KRIP-1 18.  The strategy involves exposing cells to an excess of 
decoy peptides corresponding to the PHD-bromodomain-interacting domain of TRIP-
Br1 and TRIP-Br2, respectively, which act to competitively block interactions 
between the TRIP-Br proteins and PHD zinc fingers and/or bromodomains of other 
transcription factors (Figure 8).  It is hypothesized that if interactions established 
between the TRIP-Br proteins and the PHD zinc fingers and/or the bromodomains are 
vital for normal cellular functions, then cells treated with the TRIP-Br decoy peptides 
should exhibit altered phenotypic traits that may provide insights into the normal 
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 	 Schematic illustration of the decoy 
peptide antagonism strategy.   
 
Under normal circumstances, the TRIP-Br proteins are proposed to physically 
and functionally interact with the PHD zinc fingers and/or the bromodomains 
found in a host of cellular proteins in vivo in order to execute vital cellular 
processes (step 1).  The TRIP-Br decoy peptides (    ) are predicted to 
antagonize the TRIP-Br protein functions by competing for binding to target 
PHD fingers and/or bromodomains (step 2).  Altered phenotypic traits arising 
from the perturbation are likely to provide important clues regarding the 
physiologic function(s) of the TRIP-Br proteins (step 3).    







Decoy Peptides corresponding to the PHD-
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Three peptide sequences were designed: *Br1 and *Br2 were synthesized with 
primary amino acid sequences corresponding to the PHD-bromodomain interacting 
regions of TRIP-Br1 and TRIP-Br2, respectively, while *SCR is a control 
“scrambled” peptide with the same amino acid composition of the *Br1 peptide 
(Figure 9).  The *SCR peptide sequence did not show significant homology to any 
known protein motifs, as determined by a motif-mining algorithm 
(http://www.motif.genome.ad.jp/; data not shown).  To facilitate translocation of the 
decoy peptides into cultured cells, the 16 amino acid penetratin sequence derived 
from the third helix of the Drosophila melanogaster antennapedia homeodomain 
protein was attached to the amino-terminus of each peptide.  This membrane-
translocating sequence has the demonstrated ability to internalize unrelated peptide 
sequences to which it is attached 54.    
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	Schematic representation of the TRIP-Br 
decoy peptides.  
 


















16 amino acid residues derived from the 3rd helix of the Drosophila 
melanogaster antennapedia homeodomain protein   
18 amino acid residues encompassing the PHD-bromodomain 
interacting region of TRIP-Br1
18 amino acid residues encompassing the PHD-bromodomain 
interacting region of TRIP-Br2
Same amino acid compositions as the PHD-bromodomain 




    
 
   
 55 
(1.2) Evaluation of decoy peptide-mediated blocking activity in vitro 
The ability of the above peptides to antagonize the PHD-bromodomain 
interacting capacity of the TRIP-Br proteins was assessed in vitro by electro-mobility 
shift assays (EMSA).  A digoxigenin (DIG) labeled double-stranded 
oligodeoxynucleotide probe bearing a single copy of the GAL4 upstream activation 
sequence (UAS) was incubated with in vitro translated (IVT) PHD-bromodomain-
containing GAL4/KRIP-1 (1-834) fusion protein to produce a DNA-GAL4/KRIP-1 
complex (Figure 10, lane 2).  Consistent with the previous report that the TRIP-Br 
proteins interact in vitro with the composite PHD-bromodomain of KRIP-1 26, co-
incubation of DNA probe and IVT-GAL4/KRIP-1 (1-834) with IVT-TRIP-Br1 or 
TRIP-Br2 resulted in the formation of a DNA-GAL4/KRIP-1/TRIP-Br super-shift 
complex (Figure 10, lane 3-4).  Incubation of DNA probe with IVT-TRIP-Br2 alone 
did not produce a band shift (Figure 10, lane 5).  Co-incubation of DNA probe with 
IVT-GAL4/KRIP-1 and IVT-luciferase did not generate a super-shift complex, 
demonstrating the specificity of the DNA-GAL4/KRIP-1/TRIP-Br super-shift 
complex (Figure 10, lane 6).  Pre-incubation of DNA probe and GAL4/KRIP-1 IVT 
product with increasing quantities of *Br1 or *Br2 decoy peptides resulted in a 
concomitant reduction in the intensity of the DNA-GAL4/KRIP-1/TRIP-Br super-
shift band (Figure 11A, lanes 5-7 and 12-14).  In contrast, the intensity of the super-
shift band was not influenced by *SCR (Figure 11A, lanes 2-4 and 9-11).   
As an additional proof-of-principle, immnuprecipitation analysis was performed 
to analyze the ability of the decoy peptides to disrupt the interactions between TRIP-
Br and KRIP-1.  Immunoprecipitation (IP) of in vitro translated (IVT) GAL4-KRIP-1 
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products (Figure 11B, lanes 3 & 4).  GAL4 alone did not lead to co-IP of TRIP-Br 
(Figure 11B, lanes 1 & 2), and GAL4-KRIP-1 did not co-IP the control luciferase IVT 
product (Figure 11B, lane 5).  While addition of the control *SCR peptides to the IP 
binding reactions did not affect GAL4-KRIP-1/TRIP-Br complex formation (Figure 
11B, lanes 7 & 9), addition of *Br1 or *Br2 decoy peptides dramatically reduced the 
ability of GAL4-KRIP-1 to co-IP TRIP-Br1 or TRIP-Br2 (Figure 11B, lanes 8 & 10).  
These observations, together with the EMSA data, demonstrate that *Br1 or *Br2 
specifically block the ability of the TRIP-Br proteins to interact with the PHD-
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 	 Electro-mobility shift analysis (EMSA) 
demonstrating assembly of the DNA-GAL4/KRIP-
1/TRIP-Br super-shift complexes in vitro.   
 
2.5 µl of the indicated in vitro translation (IVT) protein products were co-
incubated on ice with DNA probe bearing a GAL4 UAS recognition element 
for 30 minutes prior to electrophoresis.  The IVT product of the luciferase 




















    
 




	EMSA showing blocking activity of the 
decoy peptides.  
 
The GAL4/KRIP-1 IVT products were pre-incubated with probe and the 
indicated amount of decoy peptides for 15 minutes on ice prior to addition of 
TRIP-Br IVT products.  Following a further incubation of 30 minutes on ice, the 
DNA-protein complexes were resolved on a 3% native (non-denaturing) 
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 	 Immunoprecipitation assay showing 
blocking activity of the decoy peptides.  
  
Autoradiogram of an immunoprecipitation (IP) assay demonstrating specific 
KRIP-1/TRIP-Br PHD-bromodomain interaction in vitro and blocking activity of 
the decoy peptides.  GAL4-KRIP-1 was specifically immunoprecipitated by the 
agarose-conjugated anti-GAL4 antibody (Lanes 3-5 & 7-10) but not by the 
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(1.3) Evaluation of the cell-penetrating properties and blocking activity 
of the TRIP-Br decoy peptides in vivo 
The ability of the three decoy peptides to translocate across cellular 
membranes and enter the intracellular compartment was evaluated by confocal 
microscopy.  U2OS cells were incubated with 20 µM of fluoresceinated (FITC-) 
*SCR, *Br1 or *Br2 for 24 hours.  Shortly before imaging, peptide-containing 
medium was removed and replaced with peptide-free medium to minimize 
background noise.  Direct fluorescence imaging showed that all three decoy peptides 
were efficiently internalized into U2OS cells (Figure 12).  Following internalization, 
FITC-*Br1 and FITC-*Br2 exhibited an intracellular localization pattern that differed 
significantly from that of FITC-*SCR.  More precisely, FITC-*Br1 and FITC-*Br2 
were found to selectively localize in certain sub-cellular regions, presumably due to 
their ability to interact with endogenous PHD-bromodomain-containing proteins.  On 
the other hand, FITC-*SCR appeared to be equally distributed throughout the 
intracellular compartment.    
Although FITC-*Br1 signal was seemingly diminished in the nucleus (Figure 
12), this may simply reflect that the PHD-bromodomain-containing proteins targeted 
by the peptide are retained in the cytoplasm.  Conceivably, TRIP-Br1 plays a role in 
regulating the recruitment of these PHD-bromodomain-containing proteins to the 
nucleus.  Antagonizing the TRIP-Br1 integrator function using *Br1 is likely to 
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 
	 Peptide internalization monitored by 
fluorescence microscopy.   
 
Figures depict internalization of FITC-labeled *SCR, *Br1 and *Br2 into U2OS 
cells at 24 hours post-treatment. 
 

 	Measurement of peptide internalization 
efficiency by fluorescence activated cell sorting 
(FACS).   
 
The percentage of FITC-positive cells was determined using the WinMDI 
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To measure the internalization efficiency of the peptides, cells exposed to 
FITC-tagged peptides were analyzed by fluorescence-activated cell sorting (FACS).  
Compared to untreated control, cells treated with vehicle (DMSO) showed negligible 
enhancement of green fluorescence (Figure13).  In contrast, more than 90% of cells 
exposed to either *SCR, *Br1 or *Br2 exhibited greatly enhanced green fluorescence 
signal (Figure 13).  There were no statistically significant differences in the efficiency 
with which the different peptides were internalized (Figure 13, P=0.454).   
It was demonstrated that both full-length GAL4/TRIP-Br1 and GAL4/TRIP-
Br2 fusion proteins stimulate transcription when recruited to a heterologous promoter 
bearing GAL4 DNA-binding sites, in a manner that is further potentiated by KRIP-1 
through PHD-bromodomain interactions 26.  This reporter system was employed to 
confirm the decoy peptide antagonistic activity in U2OS cells.  Consistent with 
previous data, both GAL4/TRIP-Br fusion proteins stimulated transcription of the 
GAL4-responsive reporter (compare Figure 14, lanes 2 & 6 with Figure 14, lane 1).  
Expression of KRIP-1 alone had undetectable transcriptional effects on the reporter 
(Figure 14, lane 10), while co-expression of KRIP-1 with GAL4-TRIP-Br led to 
further co-activation of GAL4-TRIP-Br-mediated transcription (Figure 14, lanes 3 & 
7).  Exposure to either *Br1 or *Br2 (Figure 14, lanes 5 & 9), but not *SCR (Figure 
14, lanes 4 & 8), resulted in complete abolishment of KRIP-1-associated co-activating 
function on GAL4-TRIP-Br transcription.  These observations, together with our 
EMSA data, firmly establish that *Br1 and *Br2 are capable of both physically and 
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 	 Antagonism of PHD-bromodomain 
interactions in vivo.   
 
U2OS cells were transiently transfected with 0.4 µg of the indicated GAL4 
expression constructs and 1.2 µg of pMT3A/KRIP-1, along with 0.4 µg of the 
minimal luciferase reporter pG5-GL3 and 0.1 µg of the control reporter 
pCMV/-gal.  The transfected cells were exposed to 50 M of the indicated 
decoy peptides (25 nmol per 500 l growth media) prior to harvesting for 
sequential assay of luciferase and galactosidase activity.  Fold activation 
refers to luciferase activity normalized to -galactosidase activity, and is 
expressed relative to the activity observed with transfection of the reporter 
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(2) TRIP-Br decoy peptides reveal novel functions for TRIP-Br 
proteins in the regulation of E2F-dependent transcriptional 
activity 
 
(2.1) Decoy peptide treatment causes repression of an artificial E2F-
responsive reporter gene in vivo  
The proposed “integrator” model of TRIP-Br protein function hypothesizes 
that TRIP-Br1 and TRIP-Br2 serve to integrate regulatory signals conferred by PHD 
zinc finger- and/or bromodomain-containing transcription factors at E2F-responsive 
promoters.  In order to validate the model under conditions of endogenous protein 
expression, *Br1 and *Br2 decoy peptides were employed to probe the in vivo 
function(s) of the interactions between TRIP-Br proteins and PHD-Bromodomain-
containing transcription factors in the regulation of the transcriptional activity of E2F-
responsive promoters.  It is postulated that if TRIP-Br proteins indeed function as 
“integrators” for the regulatory effects of PHD zinc finger- and/or bromodomain-
containing transcription factors at E2F-responsive promoters, then *Br1 and *Br2 
should antagonize this function and alter endogenous E2F/DP activity on an E2F-
responsive reporter.  
 U2OS cells were chosen for this assay because they express functional E2F-1, 
DP-1, pRB and detectable levels of endogenous TRIP-Br1 (as assessed by Western 
blot analysis using a rabbit polyclonal anti-TRIP-Br1 antibody; data not shown).  
U2OS cells transfected with an E2F-responsive luciferase reporter (pGL3-TATA-
6×E2F-Luc) or a TATA-containing minimal luciferase reporter (pGL3-TATA-Luc) 
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prior to harvesting for measurement of luciferase activity.  Treatment with *Br1 or 
*Br2, but not *SCR, decreased the transcriptional activity of the E2F-responsive 
luciferase reporter (Figure 15A, left panel).  Treatment with vehicle and *Br2 did not 
significantly alter the transcriptional activity of the minimal reporter significantly, 
while treatment with *SCR and *Br1 was associated with slight activation (Figure 
15A, right panel).  These observations indicate that the transcriptional repression 
effects observed with *Br1 and *Br2 were specifically mediated through perturbation 
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	 Repression of E2F-responsive reporter 
by decoy peptides.  
 
U2OS cells were co-transfected with 0.1 µg of pCMV/β-galactosidase and 7.5 
µg of the E2F-responsive reporter pGL3-TATA-6×E2F-Luc (left) or the control 
reporter pGL3-TATA-Luc expression vector (right).  The transfected cells were 
exposed to either vehicle (DMSO) or the indicated synthetic peptide prior to 
harvesting for sequential measurement of luciferase and galactosidase 
activity. Promoter activity of vehicle-treated samples was normalized to 100% 
and the activities of the remaining samples were expressed relative to the 
vehicle-treated control.  Values represent the average of two independent 
experiments.    
 
Left panel:  Student’s t-test indicated that transcriptional activity associated 
with *Br1 or *Br2 treatment was significantly lower compared to that 
associated with *SCR treatment (P=3.98E-02 for *Br1 versus *SCR treatment, 
and P=1.83E-02 for *Br2 versus *SCR treatment).   
 
Right panel:  Student’s t-test indicated that transcriptional activity associated 
with *Br1 or *Br2 treatment was not significantly different compared to that 
associated with *SCR treatment (P=1.58E-01 for *Br1 versus *SCR treatment, 
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(2.2) The decoy peptides differentially down-regulate the expression of 
endogenous E2F-responsive genes  
 Since the TRIP-Br decoy peptides (*Br1 and *Br2) were shown to be able to 
specifically repress the activity of an E2F-responsive reporter gene in vivo, the next 
step was to investigate whether the peptides also have the ability to alter the 
expression profile of endogenous E2F-regulated genes.  Six representative E2F-
responsive genes were chosen for this investigation, namely cyclin-E, cyclin A2, DNA 
polymeraseα, PCNA, dhfr and cdc2.  These genes encode proteins that play key roles 
during distinct phases of the cell cycle (Table 3).  Semi-quantitative reverse 
transcription-polymerase chain reaction (RT-PCR) analysis was performed to 
measure endogenous mRNA levels expressed by these target genes in control or 
decoy peptide-treated U2OS cells.  
 Following a 16-hour treatment, both *Br1 and *Br2 caused substantial down-
regulation of the cdc2 gene, as reflected by the markedly reduced cdc2 mRNA 
transcript levels (Figure 15B).  In contrast, the expression levels of DNA Polα and 
dhfr were significantly down-regulated only by *Br2, while the expression of cyclin-
E, cyclin A2 and PCNA genes were unaffected by either *Br1 or *Br2 (Figure 15B).  
Relative to the vehicle-treated control, the scrambled peptide, *SCR, exerted 
negligible effects on the expression profile of the genes under investigation.  Thus, 
decoy peptide-mediated antagonism of interactions between the TRIP-Br proteins and 
endogenous PHD zinc fingers and/or bromodomain-containing factors, results in the 
differential down-regulation of the transcriptional activity of a subset of endogenous 




    
 








































 	 Descriptions of six representative E2F-
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 	 Differential down-regulation of 
endogenous E2F-responsive genes by decoy 
peptides.  
 
U2OS cells were exposed to either vehicle (DMSO) or decoy peptides (50 
M).  At 16-hour post-treatment, total RNA was extracted and semi-
quantitative RT-PCR analysis was performed on total RNA for dhfr, cdc2, 
DNA polymerase α, PCNA, cyclin-E and cyclin A2 expression.  β-actin was 
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(3) TRIP-Br decoy peptides impose a proliferative block  
 
(3.1) The TRIP-Br decoy peptides inhibit DNA synthesis as assessed by 
BrdU incorporation assay 
The E2F transcription factors have been shown to play a crucial role in 
regulating mammalian cell cycle progression by integrating the activity of the cell 
cycle machinery with the transcription apparatus 29.  At the G1/S boundary, the 
E2F/DP heterodimers transcriptionally activate a repertoire of genes that encode 
proteins necessary for the execution of S phase, such as p34cdc2, cyclin A, cyclin E, c-
myc, B-myb, dihydrofolate reductase and other components constituting the DNA 
replication machinery necessary for normal cell cycle progression.  Therefore, the 
E2F/DP transcription factors are growth-promoting regulators that facilitate 
proliferation.  
 To determine whether the decoy peptide-induced down regulation of E2F-
responsive transcription had an effect on cellular proliferation, asynchronous U2OS 
cultures were exposed to either vehicle or decoy peptides (50 µΜ) for 24 and 48 
hours, and the proliferative potential of the treated cells was assayed by BrdU 
incorporation.  Compared to exposure to vehicle, cells exposed to either *SCR, *Br1 
or *Br2 showed a similar magnitude of BrdU incorporation at 24 hours post-
treatment.  However, following 48 hours of treatment, *Br1- or *Br2-treated cultures 
showed dramatically reduced BrdU incorporation, reflecting diminished DNA 
synthesis activity (Figure 16A, upper panel).  In contrast, cells treated with *SCR 
exhibited a basal DNA synthesis rate similar to that of the vehicle-treated control 
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but not *SCR, exhibited a progressively reduced ability to incorporate BrdU, 
indicating that the inhibitory effects on DNA synthesis associated with exposure to 
the *Br1 or *Br2 decoy peptides were specific and dose-dependent (Figure 16A, 
lower panel).  
 
(3.2) The TRIP-Br decoy peptides suppress cellular proliferation 
To determine whether the inhibition of DNA synthesis imposed by the TRIP-
Br decoy peptides would result in a proliferative block, total cell count was performed 
on U2OS cells exposed to either vehicle, *SCR, *Br1 or *Br2 for 48 and 72 hours.  
Based on the temporal growth profile (Figure 16B), both vehicle- and *SCR-treated 
cultures exhibited almost identical increments in cell number over time.  In contrast, 
*Br1- or *Br2-treated cultures exhibited nearly complete cessation of cell 
proliferation.  Trypan blue dye exclusion manual cell count confirmed that, consistent 
with the cell proliferation assays, U2OS cultures exposed to either *Br1 or *Br2 for 
72 hours contained significantly fewer cells compared to the vehicle or the *SCR-
treated controls (Figure 16C).  Given that the proportion of cells incorporating trypan 
blue was not influenced by exposure to decoy peptides, the observed anti-proliferative 
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	  Inhibition of DNA synthesis by decoy 
peptides. 
 
Upper panel:  Time-dependent anti-proliferative effects of the decoy peptides.  
U2OS cells, exposed to either vehicle (0.5% DMSO) or 50 M decoy peptides 
(5 nmol per 100 l growth media) for either 24 or 48 hours, were assayed for 
BrdU incorporation with a colorimetric ELISA assay.  Data represent the 
average of two independent experiments. 
 
Lower panel:  Dose-dependent anti-proliferative effects of the decoy 
peptides.  U2OS cells, exposed to 5, 10, 20 or 50 M of *SCR (solid line and 
square), *Br1 (dashed line and triangle) or *Br2 (dashed line and circle) for 48 
hours, were assayed for BrdU incorporation with a colorimetric ELISA assay.  
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	 Temporal growth profile of U2OS cells 
 
Asynchronously cycling U2OS cells were exposed to either vehicle (DMSO) or 
100 nmol peptide/2 ml growth media. Cells were harvested for total cell count 
(performed using an electronic Coulter® cell counter) at 48 and 72 hours post 
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
	 Inhibition of cell proliferation by decoy 
peptides.   
 
U2OS cells were seeded at equal cell number in 6-well plates and incubated 
in the absence or presence of 100 nmol decoy peptide/2 ml growth media (50 
µM).  After 72 hours, cells were harvested for viable cell count analysis.   10 
µl of cell suspension from each sample was mixed with equal volume of 0.4% 
trypan blue stain.  The number of unstained cells was enumerated manually 
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To gain further insights into the mechanism underlying the proliferative block 
following decoy peptide treatment, a comparative analysis was performed on the 
cell cycle profile of asynchronous U2OS cells exposed to various concentrations 
of decoy peptides at 48 hours post-treatment.  Notably, flow cytometry analysis of 
the cell cycle profiles of *Br1- or *Br2-treated cells indicated that, relative to the 
*SCR-treated control, the loss of proliferative potential was not associated with a 
dose-dependent alteration in the proportion of cells in the G1, S and G2/M phases 
of the cell cycle (Figure 16D).  These findings suggest that exposure of cells to 
either the *Br1 or *Br2 decoy peptides leads to global (multi-phase) cell cycle 
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 	 Cell cycle analysis of U2OS cells 
after decoy peptide treatment.
 
Asynchronously cycling U2OS cells were treated with 5, 10, 20 or 50 M 
decoy peptides and harvested at 48 hours post-treatment.  The cells were 
stained with propidium iodide and subjected to FACS analysis to 
determine DNA content.  The percentages of cells in G1, S and G2/M cell 
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(4) The integrator function of the TRIP-Br proteins is 
implicated in the regulation of cyclin E expression during cell 
cycle progression   
 
(4.1) *Br1 or *Br2 perturbs the timing and the amplitude of cyclin E 
protein expression  
Since decoy peptide-mediated antagonism of protein-protein interactions 
between the TRIP-Br proteins and PHD zinc finger- and/or bromodomain-containing 
transcription factors has been shown to impose a state of cell cycle arrest 
characterized by the suppression of DNA synthesis and cellular proliferation, 
synchronously cycling U2OS cells were used to elucidate the underlying molecular 
mechanism(s) responsible for the observed perturbations in cell cycle-associated 
activities.  U2OS cells were synchronized at the G2/M boundary with nocodazole.  
More than 80% of the nocodazole-treated cells were arrested at the G2/M with a 4N 
complement of DNA content (Figure 17, upper panel).  The cells were released from 
nocodazole block by incubation with fresh nocodazole-free medium, supplemented 
with either vehicle or one of the decoy peptides.  The expression profile of different 
components of the cyclin-dependent kinase complexes, which constitute the core 
regulatory machinery of the cell cycle, was examined. Western blot analysis showed 
that the cell cycle expression profile of the endogenous cyclins A2 and D1, and the 
cyclin-dependent kinase Cdk2 was unaffected by decoy peptide treatment (Figure 17, 
lower panel).  In marked contrast, a significant perturbation of the normal cell cycle-
regulated kinetics and amplitude of cyclin E protein expression was observed 
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accumulates during mid-to-late G1 between 8 hours and 16 hours post release (Figure 
17, lower panel, vehicle and *SCR treated cells).  As cells progress into S phase, the 
level of cyclin E proteins declines gradually due to ubiquitin-mediated proteolysis 55.  
*Br1 or *Br2-treated cells exhibited premature accumulation of cyclin E beginning in 
early G1 (as early as 4 hour post release) compared with vehicle or *SCR-treated 
cells.  Furthermore, the absolute levels of cyclin E protein were dramatically up-
regulated and sustained at high levels up to 24 hours after release in the *Br1 or *Br2-
treated cultures.  These observations suggest that the “integrator” function of TRIP-Br 
proteins play a physiologically important role in controlling the timing and absolute 
level of cyclin E protein expression during the cell cycle.  Antagonizing this function 
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	 Protein expression analysis of cell cycle 
regulators in U2OS cells released from a nocodazole 
block with or without 20 µM decoy peptide treatment.   
 
Upper panel: Cell cycle profile of U2OS cells following nocodazole treatment.  
 
Lower panel: Whole cell extracts prepared from synchronized U2OS cells at 
4, 8, 12, 16, 20 and 24 hours after release were analyzed by Western blotting 
with antibodies specific to the indicated cell cycle regulators.  Coomassie-
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(4.2) *Br1 or *Br2 does not alter the steady state level of cyclin E mRNA 
transcript levels 
 To determine the molecular mechanism(s) underlying TRIP-Br decoy peptide-
mediated perturbation of cyclin E expression, U2OS cells were exposed to increasing 
concentrations of decoy peptides (5-20 M).  After 48 hours of exposure, whole cell 
lysates and total RNA were isolated and subjected to immunoblot analysis and semi-
quantitative RT-PCR analysis, respectively.  While *Br1 or *Br2 treatment induced 
dose-dependent accumulation of cyclin E protein (Figure 18A, upper panel), cyclin E 
mRNA transcript levels did not significantly change, as compared to either the 
vehicle- or the *SCR-treated control samples (Figure 18A, lower panel).  These 
results demonstrate that the observed TRIP-Br decoy peptide-mediated accumulation 
of cyclin E proteins in U2OS cells is not associated with an increase in cyclin E 
mRNA transcript levels.  
 
(4.3) *Br1 or *Br2 down-regulates the expression of Fbxw7 
 Cyclin E exhibits a short half-life, which reflects the importance of tightly 
regulating its specific and timely (periodic) cell cycle-dependent expression pattern.   
The cellular machinery responsible for the normal turnover of cyclin E is the SCF-
type ubiquitin ligase complex, which targets cyclin E for proteosome-mediated 
proteolysis.  FBW7, which is the F-box protein component of the SCF complex 
responsible for target protein specificity, has been implicated in the specific turnover 
of cyclin E 55.   
 Given that the ubiquitin-proteosomal pathway represents an important 
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protein levels in *Br1 or *Br2-treated cells may be due to altered regulation of 
ubiquitin-mediated proteolytic processing.  Since the protein levels of cyclin D1 and 
cyclin A2, two proteins known to be regulated by ubiquitin-mediated proteolysis, 
were negligibly affected by the decoy peptides (Figure 18A, upper panel), it is 
conceivable that the decoy peptides affect the expression and/or activity of one or 
more cyclin E-specific ubiquitin ligases (E3 enzymes).  To test this hypothesis, semi-
quantitative RT-PCR was performed to measure Fbxw7 mRNA transcript levels 55 in 
decoy peptide-treated cells.  *Br1 or *Br2, but not *SCR, down-regulated the 
expression level of Fbxw7 in a dose-dependent fashion (Figure 18B).  These results 
suggest that TRIP-Br decoy peptide-mediated antagonism leads to the deregulated 
expression and accumulation of cyclin E during the cell cycle, by a mechanism 
involving the down-regulation of Fbxw7 mRNA expression.  Failure to maintain 
normal expression levels of FBW7 protein would be predicted to abrogate the ability 
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	 TRIP-Br decoy peptide dose-response 
analysis in asynchronous U2OS cells.  
 
Cells exposed to 5, 10 or 20 M of the decoy peptides were analyzed for 
cyclin E mRNA transcript and protein levels at 48-hour post-treatment. 
 
Upper panel: Expression of cyclin E protein in the presence of increasing 
concentrations of decoy peptides.  Whole cell extracts prepared from U2OS 
cells were analyzed by Western blot with anti-cyclin E, anti-cyclin A2 and anti-
cyclin D1 rabbit polyclonal antibodies.  Cdk2 was included as an internal 
control.  
 
Lower panel: Expression of cyclin E mRNA in the presence increasing 
concentrations of decoy peptides.  Total RNA prepared from U2OS cells were 
analyzed by semi-quantitative RT-PCR.  β-actin was co-amplified as an 
internal control.  
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 	 Dose-response effects of the TRIP-Br 
decoy peptides on the expression levels of Fbxw7 in 
asynchronous U2OS cells.  
 
U2OS cells exposed to 5, 10 or 20 M of the decoy peptides were analyzed 
for Fbxw7 mRNA transcript levels at 48-hour post-treatment.  Total RNA 
samples prepared from U2OS cells were analyzed by semi-quantitative RT-
PCR.  β-actin was co-amplified as an internal control.  
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(4.4) Fbxw7 is a novel E2F-responsive and TRIP-Br co-regulated gene 
 Given that the steady state level of a given mRNA transcript is a function of its 
synthesis (transcription) and its degradation, it was proposed that *Br1 or *Br2 
treatment may cause direct or indirect inhibition of Fbxw7 gene transcription, and/or 
reduced transcript stability.  Preliminary characterization revealed the presence of 
several cis-acting elements that exhibit significant homology to the E2F response 
element (TTTGCGC) within the Fbxw7 promoter region (Figure 18C).  To test 
whether Fbxw7 is a direct transcriptional target of E2F, U2OS cells that stably express 
a chimeric protein of the estrogen receptor (ER) fused to the E2F-1 transcription 
factor were employed.  It has been previously documented that the ER-E2F-1 fusion 
protein is expressed at relatively low levels as an inactive cytoplasmic protein.  Upon 
addition of the estrogen analogue 4-hydroxytamoxifen (OHT), ER-E2F-1 translocates 
into the nucleus and transactivates E2F-responsive promoters 56.  Activation of ER-
E2F-1 after the addition of OHT was confirmed by examining the expression of 
cyclin-E, a known E2F target gene.  RT-PCR analyses showed that activation of ER-
E2F-1 led to robust induction of cyclin-E.  Much like cyclin-E, activation of ER-E2F-
1 also led to an increase in the expression of Fbxw7 even in the presence of the 
protein synthesis inhibitor cycloheximide (Figure 18D).  As previously established 56, 
the demonstration that ER-E2F-1 mediated transcription of a putative E2F-responsive 
gene occurs in the absence of de novo synthesis of an intermediate factor, indicates 
that Fbxw7 is a direct target of E2F-1.   
 To determine whether the Fbxw7 gene is co-regulated by the TRIP-Br 
proteins, U2OS cells were transfected with mammalian expression constructs 
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the Fbxw7 gene was measured by semi-quantitative RT-PCR.  Fbxw7 gene was 
induced by exogenous E2F-1/DP-1 (Figure 18E, lane 2).  Co-expression of either 
TRIP-Br1 or TRIP-Br2 with E2F-1/DP-1 co-stimulated the expression of Fbxw7 
(Figure 18E, lanes 3 & 4).  Western blot analysis confirmed that E2F-1 protein was 
expressed at equivalent levels (Figure 18E, bottom panel, lanes 2, 3 & 4).  Expression 
of TRIP-Br1 or TRIP-Br2 alone had a negligible effect on the expression of the 
Fbxw7 gene (Figure 18E, lanes 5 & 6).  Taken together, these data identify Fbxw7 as 
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 	 The 5’ flanking region of Fbxw7 
contains several putative E2F-binding elements.  
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	 Fbxw7 is a direct E2F target gene.  
 
Semi-quantitative RT-PCR analysis on total RNA for cyclin-E and Fbxw7 
expression in U2OS cells expressing ER-E2F-1.  β-actin was included as an 
internal control.  Sub-confluent U2OS ER-E2F-1 cells were grown with or 
without OHT and/or cycloheximide (CHX) for 2 hours as indicated.  PCR 
products were resolved by agarose gel electrophoresis and ethidium bromide-
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	 Fbxw7 is a novel E2F-responsive and 
TRIP-Br-regulated gene.  
 
Sub-confluent U2OS cells were separately transfected with 1.0 g (+) of 
pBXG1/hTRIP-Br1 or pBXG1/hTRIP-Br2, and/or pCMV/E2F-1 and pCMV/DP-
1 expression constructs or the corresponding empty vector.  24 hours after 
transfection, total RNA was isolated from the cells for RT-PCR analysis to 
obtain a semi-quantitative measure of the Fbxw7 gene expression level.  β-
actin was co-amplified in each PCR reaction to serve as normalization control.  
PCR products were resolved by agarose gel electrophoresis and ethidium 
bromide-stained DNA bands were visualized under UV.  In parallel, the 
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(5) Treatment with TRIP-Br decoy peptides is associated with 
sub-diploidy 
 
(5.1) The TRIP-Br decoy peptides induce accumulation of a sub-G1 
population 
The integrator function of both TRIP-Br1 and TRIP-Br2 has been shown to 
play a physiologically important role in regulating E2F-dependent transcriptional and 
cell cycle activities.  It has been previously demonstrated that 48-hour exposure of 
U2OS cells to peptide antagonists *Br1 or *Br2, which possess the ability to disrupt 
protein-protein interactions between TRIP-Br and PHD zinc fingers and/or 
bromodomains of other transcriptional regulators, leads to a loss of proliferative 
potential and perturbation of cyclin E associated cell cycle activity, but no evidence 
of cell death by the criterion of tryphan blue dye exclusion.  In this ensuing 
investigation, studies were carry out to ascertain if extending decoy peptide exposure 
to 72 hours could elicit any previously undetected cell cycle effects and/or affect cell 
viability.  Flow cytometry was employed to examine the cell cycle profile of 
asynchronous populations of U2OS cells that had been exposed to either vehicle, 
*SCR, *B1 or *Br2 (100 nmol peptides per 2 ml of growth media).  Interestingly,  
although decoy peptide treatment up to 48 hours registered only a very slight increase 
in sub-G1 (sub-diploid) populations (Figure 19A), a significant proportion (~70%) of 
U2OS cells exposed to *Br1 or *Br2 for 72 hours underwent massive sub-
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(5.2) Sub-diploidy induced by *Br1 is biochemically distinct from that 
triggered by *Br2 
The induction of a sub-G1 cell population, as illustrated in Figure 19, is 
frequently associated with apoptosis.  Apoptosis is an evolutionarily conserved 
programmed cell death (PCD) pathway defined by stereotypical morphological 
changes that encompass chromatin condensation into apparently compact and simple 
geometric (globular, crescent-shaped) figures, reversal of cell membrane polarity 
leading to exposure of phosphatidylserine, shrinkage of cytoplasm, zeiosis and 
apoptotic body formation (with nuclear fragmentation) 57.   During apoptosis, cellular 
nucleases become activated and genomic DNA is degraded into small fragments.  
These low molecular weight fragments may be eluted during cell handling and 
preparation for flow cytometry.  Therefore, following propidium iodide (PI) staining, 
apoptotic cells exhibit a reduced fluorescence signal that contributes to a sub-G1 
peak.   
Given that the E2F transcription factors, in particular E2F-1, have been 
implicated in the regulation of apoptosis 44, 58, 59, it was first proposed that the sub-G1 
peaks observed in Figure 19 might have arisen as a consequence of apoptosis.  To 
investigate whether sub-diploidization was associated with apoptosis, the TUNEL 
assay was employed to detect the presence of 3’-hydroxyl termini of DNA ends 
resulting from endonucleolytic fragmentation of genomic DNA.  The TUNEL assay 
identifies apoptotic cells by labeling the 3’-hydroxyl ends with bromolated 
deoxyuridine triphosphate nucleotides (Br-dUTPs) and subsequently detecting the Br-
dUTP-labels with fluorescein-conjugated anti-BrdU antibodies (APO-BRDUTM kit 
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will give rise to a stronger flow cytometry signal when the Br-dUTP sites are 
identified by the fluorescein-conjugated anti-BrdU antibody.  Non-apoptotic cells do 
not incorporate significant amounts of the Br-dUTP due to the lack of exposed 3’-
hydroxyl DNA ends.   
U2OS cells grown in tissue culture were exposed to either vehicle or 100 
nmol of decoy peptides in 2 ml of growth medium.  At 72 hours post-treatment, the 
cells were harvested for TUNEL staining.  The cells treated with *Br2 exhibited 
significant 3’-hydroxyl-dependent, terminal deoxynucleotide transferase (TdT)-
catalyzed incorporation of Br-dUTP labels, as reflected by the intensity of the 
fluorescence signal, which was comparable to that of the positive control (Figure 
20A).  This enhanced TUNEL staining may be attributed to the specific antagonistic 
properties of the *Br2 decoy peptide, since cultures treated with either vehicle or the 
*SCR decoy peptide did not show significant BrdU labeling when compared to a 
standard negative control included in the assay (Figure 20A).  Notably, treatment with 
*Br1 was not associated with significant TUNEL staining.  These results suggest that 
the manifestation of sub-diploidy elicited by treatment with *Br2 may be due to 
endonucleolytic fragmentation of genomic DNA, and that sub-diploidization resulting 
from the *Br1 peptide-mediated antagonism involves negligible, if any, exposure of 
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	 Cell cycle analysis of U2OS cells at 48 
hours post-decoy peptide treatment. 
 
The cell cycle distribution profile of asynchronous populations of U2OS cells 
exposed to either vehicle (DMSO) or the indicated decoy peptides (100 nmol 
peptides per 2 ml growth media) for 48 hours as determined by flow 
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	 Cell cycle analysis of U2OS cells at 72 
hours post-decoy peptide treatment. 
 
Lower panel: The cell cycle distribution profile of asynchronous populations 
of U2OS cells exposed to either vehicle (DMSO) or the indicated decoy 
peptides (100 nmol peptides per 2 ml growth media) for 72 hours as 
determined by flow cytometry.   
 
Upper panel: Graphical illustration showing percentage of cells in various 
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	 TUNEL assay. 
 
U2OS cells incubated in the absence or presence of 100 nmol peptide/2 ml 
growth media for 72 hours were subjected to DNA strand break labeling 
analysis by flow cytometry.  The untreated control sample refers to cells 
cultured in normal growth media.  Apoptotic and non-apoptotic human 
lymphoma cells were included in the assay as positive and negative controls 
respectively.   
 
Left panel: The histograms show Log Green Fluorescence (x-axis) versus 
cell number (y-axis).   
 
Right panel: The percentages of TUNEL positive cells were derived by 
expressing the number of cells showing enhanced fluorescence (B) relative to 
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(5.3) Sub-diploidy elicited by *Br1 or *Br2 is caspase-3-independent 
The TUNEL assay suggests that treatment of U2OS with the *Br2 peptide 
results in the activation of a cellular apoptotic program.  Apoptotic cell death is 
accomplished by specialized cellular machineries, the central component of which is a 
proteolytic system involving a family of proteases known as caspases.  Caspases are 
cysteine proteases that cleave substrates after a conserved aspartate residue.  Caspases 
usually exist in the cytosol of cells as zymogens (inactive single polypeptide chain 
precursors) and are activated by proteolytic cleavage.  After cleavage, the caspase 
molecule is reconstituted as a heterodimer consisting of a large and small subunit.  
The active caspase holoenzyme consists of two heterodimers.  In the presence of 
apoptotic stimuli, initiator caspases (e.g. caspases-2, -8 and -10) undergo proteolytic 
maturation via autocatalysis.  Active initiator caspases, in turn, activate effector 
caspases (e.g. caspases-3, -6 and -7), which then cleave and activate critical cellular 
protein targets that systematically dismantle the cell and orchestrate the apoptotic 
phenotypes 60.   
Caspase-3 is a key executioner molecule in the caspase cascade.  It is 
responsible for the proteolytic cleavage of, among other protein substrates, the 
ICAD/DFF45 protein 61.  DFF45 is a 45 kDa polypeptide that serves as an inhibitor of 
the nuclease responsible for DNA fragmentation, CAD (Caspase-activated 
Deoxyribonuclease).  In non-apoptotic cells, CAD is present as an inactive complex 
with DFF45.  During apoptosis, caspase-3 cleaves DFF45 at two sites, thereby, 
inactivating DFF45 and leaving CAD free to function as a nuclease that degrades 
chromatin into nucleosomal fragments, a biochemical feature that is the hallmark of 
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To determine if decoy peptide-induced nuclear breakdown occurs through the 
well-established caspase-3 pathway, U2OS cells treated with either *SCR, *Br1 or 
*Br2 for 48 or 72 hours were assayed for caspase-3 protease activity using a caspase-
3-specific synthetic oligopeptide substrate (Ac-DEVD-AFC).  The synthetic substrate 
contains a caspase cleavage site modified with 7-amino-4-tetrafluoromethyl coumarin 
(AFC).  When liberated from the peptide, AFC produces an optical/spectral change 
that can be detected by spectrofluorometry.  The rate of spectral change is 
proportional to the enzyme activity.  The levels of caspase-3 protease activity in cell 
lysates prepared from vehicle, *SCR, *Br1 or *Br2-treated cultures were 
indistinguishable from the baseline activity detected in cell lysates prepared from 
untreated controls (Figure 20B).  The failure to detect elevated levels of caspase-3 
activity was not due to technical error, as cells treated with the apoptosis-inducing 
pharmacological agent etoposide (eto) showed a dose-dependent stimulation of 
caspase-3 activity several orders of magnitude above baseline (Figure 20B).  These 
observations demonstrate that *Br1 or *Br2 treatment is not associated with caspase-3 
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	 In vitro analysis of caspase activity in 
decoy peptide-treated U2OS cells.  
 
The histogram illustrates caspase-3 protease activity per g of proteins 
following various treatments.  Values represent the average of two 
independent experiments.  Asynchronous populations of U2OS cells were 
exposed to the indicated decoy peptides (100 nmol peptide per 2 ml growth 
media) for 48 or 72 hours Control: cells cultured in normal growth medium; 
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Another well-established biochemical feature associated with apoptosis is the 
cleavage of PARP (Poly[ADP-ribose] polymerase) 62.  PARP is a 116-kDa nuclear 
chromatin-associated enzyme, which is thought to play an important role in mediating 
the normal cellular response to DNA damage.  During apoptosis, PARP is specifically 
cleaved by active caspase-3 into 85 kDa and 25 kDa fragments.  This cleavage 
process is often used as a verification marker of apoptosis.  
To provide in vivo data to substantiate the results obtained in the caspase 
assays described earlier, PARP cleavage studies were performed on whole-cell-
lysates derived from U2OS cells treated with the decoy peptides or the apoptosis-
inducing agent, Etoposide (Figure 20C).  While exposure to Etoposide for 24 hours 
resulted in PARP cleavage in a dose-dependent manner (Figure 20C, lanes 1-3), *Br1 
or *Br2 treatment was not associated with significant PARP cleavage as compared to 
the vehicle or the *SCR-treated control (Figure 20C, lanes 4 – 7).  In addition, *Br1 
or *Br2 treatment failed to trigger any detectable sign of genomic DNA 
fragmentation (Figure 20D).  The failure of *Br1 or *Br2 to stimulate caspase-3 
activity and PARP cleavage, as well as to induce genomic DNA fragmentation at 72-
hour post-treatment strongly argues against the involvement of caspase-3 and hence, 
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	 Western blot analysis of PARP 
cleavage by caspase-3 in decoy peptide-treated U2OS 
cells.  
 
U2OS cells were exposed to either Eto (Etoposide) for 24 hours or 50 µM 
decoy peptides for 72 hours.  Lane 1: Vehicle cells (cultured in the presence 
of 0.5% DMSO for 24 hours); Lane 2: 25 µM Eto; Lane 3: 250 µM Eto; Lane 4: 
Vehicle (cells cultured in the presence of 0.5% DMSO for 72 hours); Lane 5: 
*SCR; Lane 6: *Br1; Lane 7: *Br2.  Following SDS-PAGE and western 
blotting, the 116 kDa intact form and the 85 kDa fragment of human PARP 










	 Assay of DNA fragmentation in decoy 
peptide-treated U2OS cells.  
 
U2OS cells were exposed to the following treatments for 72 hours: 
Lane 1: Vehicle cells (cultured in the presence of 0.5% DMSO); Lane 2: 50 
µM *SCR; Lane 3: 50 µM *Br1; Lane 4: 50 µM *Br2; Lane 5: untreated control; 
M1: 1kb ladder DNA marker (New England Biolabs [NEB]); M2: 100bp ladder 
DNA marker (NEB).   
 
Genomic DNA isolated from these cells was resolved by agarose gel 
electrophoresis and ethidium bromide-stained DNA bands were visualized 
under UV.   
PARP
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(5.4) Incomplete DNA replication: an alternative mechanism for sub-
diploidization 
 Genomic instability caused by progressive chromosome loss through 
incomplete DNA replication may account for the sub-G1 peak observed in the decoy 
peptide-treated cultures.  It has been demonstrated that deregulated expression of G1 
phase cyclins may prevent pre-replication complex (pre-RC) formation and inhibit 
replication licensing in a manner that would reduce the number of functional 
replication origins 63.  In this context, subsequent replication from an insufficient 
number of functional origins would then lead to incomplete DNA synthesis and hence 
progressive loss of chromosomes.  Cells unable to complete DNA replication would 
generate daughter cells that fail to maintain a constant 2N ploidy, thus registering a 
sub-G1 peak in flow cytometry analyses.  Since *Br1 or *Br2 treatment has been 
shown to cause deregulated accumulation of the key G1 cyclin, cyclin E, during cell 
cycle progression, these peptide antagonists may influence the efficiency of DNA 
replication by deregulating the expression of cyclin E.  
A candidate protein called Geminin has been proposed to serve as one of the 
key molecular links that connects cyclin E deregulation with chromosomal loss 64.  In 
metazoans, the mechanism that guarantees the strict alternation of S and M phases 
within a mitotic cycle comprises a finely tuned interplay between cyclins, Cdks and 
protein complexes involved in building up the origins of replication 65.  During G1, 
the origin recognition complex (ORC), Cdc6/18 and Cdt1 act in concert to load the 
Mcm2-7 (Minichromosome maintenance proteins) into pre-RCs in a reaction known 
as “licensing”.  Cdks inhibit this reaction and, therefore, pre-RCs can only assemble 
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G1 phase cyclin-associated Cdk activities (cyclin E-Cdk2) trigger origin firing and 
initiation of DNA replication.  Once replication is initiated, origins remain silenced 
until daughter cells progress onto the next G1 phase.  In metazoans, Cdks inhibit pre-
RC formation by acting through a multitude of protein targets.  One such target is the 
Anaphase Promoting Complex/Cyclosome (APC/C), an E3 ubiquitin ligase that 
targets a selection of cell cycle regulatory proteins for ubiquitin-dependent 
proteolysis.  APC/C is activated in mitosis by Cdks associated with mitotic cyclins, 
and is inactivated in late G1 by Cdks associated with G1 cyclins.  APC/C has been 
shown to promote licensing in early G1 by promoting the degradation of Geminin, a 
25 kDa nuclear protein that prevents licensing by inhibiting Cdt1 66.  Therefore, it is 
hypothesized that decoy peptide-mediated deregulation of cyclin E accumulation 
could lead to impairment of APC/C function during early G1, an effect that would in 
turn contribute to abnormal stabilization of Geminin and hence interference of 
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	 Control of DNA replication licensing in 
mammalian cells. 

(1) The activity of the Anaphase Promoting Complex/Cyclosome (APC/C) is 
tightly regulated by the cyclin-cyclin dependent kinase complexes (cyclin-
Cdk).  In the mitotic (M) phase, cyclin B-associated Cdc2 kinase activity 
contributes to the activation of APC/C.  (2) Geminin serves to inhibit the 
licensing of DNA replication by sequestering Cdt1.  (3) Activated APC/C acts 
as an ubiquitin ligase to target Geminin for proteosome-mediated proteolysis.  
(4) Upon release from Geminin, Cdt1 is free to bind to the Mcm (Mini 
Chromosome Maintenance) family of proteins.  Cdt1 drives nuclear 
localization of the Mcm proteins.  (5) In the nucleus, Cdt1, in concert with 
Cdc6, loads the Mcm proteins onto the DNA-bound Orc (Origin Recognition 
Complex) to facilitate the assembly of the pre-replication complex (pre-RC) at 
the origin of replication.  (6) In addition to triggering origin firing, the cyclin 
E/Cdk2 complex inhibits APC/C, thereby allowing Geminin to accumulate and 
sequester Cdt1, suppressing licensing and origin re-firing until the succeeding 
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To determine if deregulation of cyclin E expression could lead to Geminin 
stabilization, cyclin E and Cdk2 were over-expressed in U2OS cells.  U2OS cells 
were first co-transfected with expression plasmids encoding human cyclin E and 
Cdk2 and then arrested at the G2/M boundary using nocodazole. Upon release, whole 
cell lysates were prepared from the synchronously cycling cells at 4-hour intervals to 
check for Geminin expression by immunoblot analysis.  Consistent with previous 
reports, Geminin was found to be expressed at high levels at the G2/M boundary and 
S phase, and undetectable during G1 phase in the mock-transfected (vehicle) control 
cells (Figure 21B).  In contrast, the presence of over-expressed cyclin E/Cdk2 
induced abnormal accumulation of Geminin during G1 phase (Figure 21B).  These 
data suggest that deregulated cyclin E/Cdk2 expression induces abnormal Geminin 
protein accumulation.  To investigate whether the observed Geminin accumulation 
can be attributed to increased protein stability, protein decay analysis was performed 
on Geminin.  Control (vehicle) or cyclin E/Cdk2 over-expressing cells were exposed 
to the protein synthesis inhibitor cycloheximide (CHX), and then whole cell lysates 
were prepared from the treated cells at 1-hour intervals up to 5 hours to assess 
endogenous Geminin levels by immunoblot analysis.  In control cells, the Geminin 
level remained high until 3 hours post-CHX treatment, after which the level declined 
sharply (Figure 21C).  In marked contrast, the Geminin level in cyclin E/Cdk2-
expressing cells remained persistently high up to 5-hour post-CHX treatment (Figure 
21C).  Taken together, these results indicate that deregulated cyclin E/Cdk2 
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	 Western blot analysis of Geminin 
expression in the absence or presence of cyclin 
E/Cdk2 over-expression during cell cycle progression. 
 
U2OS cells, either transfected with vector backbone (vehicle) or pRc/cyclin E 
and pCMV/Cdk2 (1 µg each), were arrested at the G2/M boundary by 
exposure to nocodazole (75 ng/ml).   
 
Upper panel:  Whole cell extracts prepared from synchronized U2OS cells at 
0, 4, 8, 12, 16 and 20 hours after release were analyzed by Western blotting 
with a mouse anti-cyclin E monoclonal antibody and rabbit anti-Geminin 
polyclonal antibody (Santa Cruz).  
 
Lower panel:  Flow cytometry analyses of DNA contents at 0, 12 and 20 

















    
 





	 Protein decay analysis of Geminin 
expression in the absence or presence of cyclin 
E/Cdk2 over-expression.  
 
U2OS cells, either transfected with vector backbone (vehicle) or pRc/cyclin E 
and pCMV/Cdk2 (1 µg each), were treated with 20 µg/ml of cycloheximide 
(CHX).  Whole cell extracts prepared from the cells harvested at 0, 1, 2, 3, 4 
and 5 hours post-CHX treatment were analyzed by Western blotting (WB) 
with a rabbit anti-Geminin polyclonal antibody (Santa Cruz). Coomassie 
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The *Br1 and *Br2 peptide antagonists have been shown to cause deregulated 
accumulation of cyclin E protein.  To test whether the peptide antagonists could also 
stabilize Geminin, U2OS cells were exposed to vehicle or decoy peptides for 40 
hours, and then treated with CHX for protein decay analysis as described earlier.  
Both vehicle or *SCR-treated cells showed very similar kinetics of Geminin protein 
decay (Figure 21D).  On the contrary, Geminin in *Br1 or *Br2-treated cells 
exhibited a significantly slower decay rate and the steady state level remain 
persistently high at 5-h post-CHX treatment (Figure 21D).  Thus, the *Br1 and *Br2 
peptide antagonists enhance the stability of Geminin, at least in part, through a 
mechanism involving cyclin E deregulation.  These data are consistent with a model 
in which the peptide antagonists induce sub-diploidy by suppressing DNA replication 
through a mechanism involving cyclin E deregulation and Geminin stabilization.   
To test whether the observed decoy peptide-induced Geminin stabilization and 
sub-diploidization were the result of FBW7 downregulation, FBW7 rescue 
experiments were conducted.  Western blot analysis showed that Geminin in *Br1 or 
*Br2-treated cells exhibited a significantly slower decay rate, compared to that in 
vehicle or *SCR-treated counterparts (Figure 21E).  Overexpression of HA-FBW7 
effectively suppressed *Br1 or *Br2-induced Geminin stabilization (Figure 21E).  
The ability of exogenous HA-tagged FBW7 protein to suppress *Br1- or *Br2-
induced Geminin stabilization (Figure 21E) and partially block sub-diploidization 
(Figure 21F) further supports the notion that antagonism of the TRIP-Br integrator 
function leads to the deregulated accumulation of cyclin E during the cell cycle and 
hence progressive cellular sub-diploidization, by a mechanism involving the 
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	 Protein decay analysis of Geminin 
expression in the absence or presence of decoy 
peptide treatment. 
 
U2OS cells, either pre-treated with vehicle (DMSO) or 20 µM of decoy 
peptides, were treated with 20 µg/ml of cycloheximide (CHX).  Whole cell 
extracts prepared from the cells harvested at 0, 1, 2, 3, 4 and 5 hours post-
CHX treatment were analyzed by Western blotting (WB) with a rabbit anti-
Geminin polyclonal antibody (Santa Cruz). Coomassie stained proteins were 
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	 Protein decay analysis of Geminin 
expression in the absence or presence of decoy 
peptide treatment, with or without FBW7 rescue. 
 
Upper panel:  U2OS cells that were either transfected with pcGN/HA-FBW7 
or the corresponding empty vector were cultured in the absence or presence 
of decoy peptides for 24 hours.  The cells were then exposed to 
cycloheximide (CHX) and harvested at 1, 3, 5 and 7 hours post-CHX 
treatment.   
 
Lower panel:  Densitometry analysis of Geminin decay profile as observed in 
(A). Geminin band intensity in each sample, as determined using the BIO-
RAD Chemi-Doc machine and software, was normalized against the 
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	 Flow cytometry analysis of *Br1- or 
*Br2-induced sub-diploidization in the absence or 
presence of FBW7 rescue. 
 
Histogram depicts the percentage of sub-diploid cell population in vector 
(pCGN/-)-transfected or HA-FBW7-expressing U2OS cultures exposed to 
*Br1 or *Br2 for 72 hours.   Expression of HA-FBW7 was confirmed by 
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(6) DNA enzymes targeting TRIP-Br mRNA inhibit serum-
inducible fibroblast proliferation 
 
(6.1) E-Br1 or E-Br2 DNA enzymes specifically “knock down” serum-
induced hTRIP-Br1 or hTRIP-Br2 gene transcription 
 To further study the involvement of the TRIP-Br proteins in the regulation of 
cellular proliferation, DNA enzymes were employed to knock down the expression of 
endogenous human TRIP-Br1 or TRIP-Br2 mRNA transcripts in WI-38 human 
diploid fibroblasts.  DNA enzymes are magnesium-dependent catalytic nucleic acids 
composed entirely of DNA that can selectively bind to an RNA substrate by Watson-
Crick base-pairing and potentially cleave phosphodiester bond at any purine-
pyrimidine junction 52.  A DNA enzyme is composed of two distinct functional 
domains: a 15-nucleotide catalytic core that carries out phosphodiester bond cleavage, 
and two hybridization arms flanking the catalytic core; the sequence identity of the 
arms can be tailored to achieve complementary base-pairing with target RNA 
substrates (Figure 22A).  The mechanism by which DNA enzymes achieve post-
transcriptional suppression of gene expression is illustrated in Figure 22B.  Two DNA 
enzymes (E-Br1 and E-Br2) were designed to target specifically the translational start 
site AUG in the messenger RNA of human TRIP-Br1 or TRIP-Br2 respectively 
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	 Schematic illustration of the general 










Hybridization Arms: confer substrate specificity via 
Watson-Crick base-pairing
Catalytic Core: executes enzymatic cleavage of
phosphodiester bond at purine-pyrimidine junction
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	 Post-transcriptional suppression of 
gene expression by DNA enzymes.  
 
The DNA enzyme binds to a target mRNA by complementary base-pairing 
through the hybridizing arms.  This positions the DNA enzyme catalytic core 
in proximity to the translation start site of the mRNA to facilitate 
phosphodiester bond cleavage between the A and the U residues of the start 
codon.  Upon cleavage, the resulting mRNA fragments cannot support 
productive translation, and hence no polypeptide is synthesized.  The DNA 
enzyme releases the cleaved products and goes on to cleave other mRNA 








Sequence-specific hybridization via 
Watson-Crick base-pairing
Target mRNA Cleavage mediated 




Cleaved products fail to serve 
as template for translation
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	 DNA enzymes targeting TRIP-Br 
transcripts.   
 
The two 10-nucleotide hybridizing arms flanking the 15-nucleotide catalytic 
domain of E-Br1 or E-Br2 DNA enzyme were designed to selectively bind to 
hTRIP-Br1 or hTRIP-Br2 mRNA, respectively, in a manner that would facilitate 
cleavage of the phosphodiester bond between the A and the U residues of the 
“AUG” start codon.  As a control, the nucleotide sequence in each arm of E-
Br1 was scrambled to produce the DNA enzyme E-SCR with an intact 
catalytic domain flanked by hybridization arms consisting of random 
sequences.  In order to confer resistance to 3’-to-5’ exonuclease digestion, 




Cleavage of hTRIP-Br2 mRNA by E-Br2: 
 
 
5’-…..AUG UGA UAU AUG UUG GGU AAA…..-3’  
 
         3’-AC ACT  ATA    AC AAC  CCA TT-5’ 
   A    G 
                                  G        G 
          C             C 
        A                  T 
          A              A 
             C        G 
     ATC 
  
Cleavage of hTRIP-Br1 mRNA by E-Br1: 
 
 
5’-…..GUG AGC AAG AUG CUG AGC AAG…..-3’  
 
         3’-AC TCG  TTC     AC GAC TCG TT-5’ 
   A    G 
                                  G        G 
          C             C 
        A                  T 
          A              A 
             C        G 






           3’-TA CTG TCC    TG TCA TCG AC-5’ 
   A    G 
                                  G        G 
          C             C 
        A                  T 
          A              A 
             C        G 
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Quiescent WI-38 fibroblasts maintained very low steady state levels of 
hTRIP-Br1 and hTRIP-Br2 transcripts.  Upon serum induction, the steady state levels 
of both hTRIP-Br1 and hTRIP-Br2 mRNA in stimulated WI-38 cells were 
significantly elevated (Figure 23A), suggesting that expression of the TRIP-Br genes 
is serum-responsive.   
To evaluate the effect of E-Br1 or E-Br2 on endogenous hTRIP-Br1 or hTRIP-
Br2 mRNA, growth-quiescent WI-38 fibroblasts were pre-exposed to DNA enzymes 
for 24 h and then stimulated to re-enter the cell cycle with 10% FBS.  At 16 h post-
stimulation, total RNA was harvested and semi-quantitative RT-PCR was performed 
to measure the levels of intact TRIP-Br transcripts.  To distinguish between intact and 
cleaved transcripts, RT-PCR was performed using gene-specific primer pairs that 
base-pair with target sequences flanking the DNA enzyme cut site, such that only 
intact transcripts are preferentially amplified.  Results showed that 0.1 µM E-Br1 or 
E-Br2 efficiently down-regulated serum-inducible steady-state hTRIP-Br1 or hTRIP-
Br2 mRNA levels respectively, whereas E-SCR had no effect (Figure 23B).  These 
findings demonstrate the ability of the E-Br DNA enzymes to knock down serum 
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	 hTRIP-Br1 and hTRIP-Br2 expression 
is serum-inducible.  
 
Sub-confluent WI-38 cells were serum-starved for 72 hours.  At 24 hours post- 
serum re-stimulation, semi-quantitative RT-PCR analysis was performed on 
total RNA to assess hTRIP-Br1 and hTRIP-Br2 expression.  β-actin was 
included as an internal control.  PCR products were resolved by agarose gel 














	 E-Br1 and E-Br2 down-regulate TRIP-
Br1 and hTRIP-Br2 expression respectively.  
 
Sub-confluent WI-38 cells were serum-starved for 72 hours and then 
transfected with 0.1 µM of the indicated DNA enzymes.  Semi-quantitative RT-
PCR analysis was performed on total RNA to assess hTRIP-Br1 and hTRIP-
Br2 expression.  β-actin was included as an internal control.  PCR products 
were resolved by agarose gel electrophoresis and ethidium bromide-stained 
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(6.2) E-Br inhibits serum-induced WI-38 cell proliferation 
 To determine if inhibition of TRIP-Br gene expression during serum induction 
affects serum-stimulated cell cycle progression, growth-quiescent WI-38 cells were 
transfected with E-SCR, E-Br1 or E-Br2, followed by incubation with medium 
containing 5% FBS to stimulate cells to re-enter the cell cycle.  At 72 hours post-
stimulation, cell numbers were assessed by trypan blue exclusion manual cell count.  
E-Br1 or E-Br2, at a concentration of 0.1 µM, was capable of inhibiting the serum-
induced proliferative potential of WI-38 fibroblasts by 50-60%.  In contrast, E-SCR at 
the same concentration had no significant effects on WI-38 growth as compared to 
vehicle-treated cells (Figure 24A).  To visually evaluate the anti-proliferative effects 
imposed by the DNA enzymes, WI-38 cells were induced with serum in the presence 
or absence of DNA enzymes.  72 hours thereafter, the cells were stained with crystal 
violet.  Consistent with the above findings, E-Br1 or E-Br2-treated cultures exhibited 
significantly reduced colony forming potential (Figure 24B).  Again, cells treated with 
E-SCR exhibited a colony forming potential similar to the normal and the vehicle-
treated controls.  Taken together, these results demonstrate that the knock down of 
TRIP-Br gene expression leads to attenuation of serum-inducible WI-38 cell 
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	 E-Br1 or E-Br2 inhibits cell 
proliferation. 
 
Sub-confluent WI-38 cells were serum-starved for 72 hours.  Following DNA 
enzyme transfection, the cultures were re-stimulated with serum and allowed 
to proliferate.  After 72 hours, cells were harvested for viable cell count 
analysis.   10 µl of cell suspension from each sample was mixed with equal 
volume of 0.4% trypan blue stain.  The number of unstained cells was 
enumerated manually using a hemocytometer.  Data represent the average 
+/- standard deviation of two independent experiments.  
 
Student’s t-test indicated that cell count associated with E-Br1 or E-Br2 
treatment was significantly lower compared to that associated with E-SCR 
treatment (P=3.25E-02 for E-Br1 versus E-SCR treatment, and P=1.44E-02 
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	 E-Br1 or E-Br2 suppresses colony 
formation.  
 
Sub-confluent WI38 cells were serum-starved for 72 hours.  Following DNA 
enzyme transfection, the cultures were re-stimulated with serum (FBS) and 
allowed to proliferate.  After 72 hours, cells were stained in situ with crystal 
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(6.3) E-Br DNA enzymes prevent serum-induced S phase entry 
 To test whether the E-Br DNA enzymes could prevent serum-inducible S-
phase entry in human diploid fibroblasts, serum-starved WI-38 cells were stimulated 
with serum in the presence of 0.1 µM DNA enzymes and their entry into S-phase 
was measured by BrdU incorporation.  Compared to unstimulated cells, the vehicle- 
or the E-SCR-treated cultures incorporated approximately twice as much BrdU 
(Figure 25A).  In contrast, cells treated with E-Br1 or E-Br2 were significantly 
inhibited in their ability to incorporate BrdU.  These data suggest that the knock 
down of TRIP-Br gene expression is sufficient to block serum-inducible S-phase 
entry in WI-38 cells.       
 The kinase activity of the Cyclin E/Cdk2 complex has been shown to play a 
pivotal role in gating the transition from the G1 to the S phase during cell cycle 
progression 67.  To pinpoint the role(s) of the TRIP-Br proteins in the regulation of 
serum-inducible cell proliferation, the potential of the E-Br DNA enzymes to 
attenuate the ability of E2F1/DP1, in combination with cyclin E/Cdk2, to induce S-
phase in quiescent WI-38 cells, was tested.  In agreement with published data 56, 
expression of E2F1/DP1 or cyclin E/Cdk2 alone did not result in an increase in BrdU 
incorporation (Figure 25B).  In contrast, co-expression of E2F1/DP1 and cyclin 
E/Cdk2 drove quiescent cells across the G1/S boundary and induced S-phase.  At a 
concentration of 0.1 µM, all three DNA enzymes failed to prevent S phase entry 
induced by co-expression of E2F1/DP1 and cyclin E/Cdk2.  These data suggest that 
TRIP-Br1 and TRIP-Br2 target one or more regulatory steps upstream of cyclin 
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	 E-Br1 or E-Br2 suppresses serum-
inducible S phase entry. 
 
Sub-confluent WI38 cells were serum-starved for 72 hours.  Following DNA 
enzyme transfection, the cultures were re-stimulated with serum and allowed 
to proliferate in BrdU labeling medium.  After 20 hours, cells were assayed for 
BrdU incorporation with a colorimetric ELISA assay.  Values represent the 
average of two independent experiments. 
 
Student’s t-test indicated that BrdU incorporation associated with E-Br1 or E-
Br2 treatment was significantly lower compared to that associated with E-SCR 
treatment (P=1.29E-03 for E-Br1 versus E-SCR treatment, and P=8.47E-05 
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	 E-Br1 or E-Br2 does not influence 
E2F1/DP1- and cyclin E/Cdk2-induced S phase entry. 
 
Sub-confluent WI38 cells were serum-starved for 72 hours.  Following 
transfection with DNA enzyme and the expression plasmids encoding the 
indicated cell cycle regulators, the cultures were allowed to proliferate in BrdU 
labeling medium.  After 20 hours, cells were assayed for BrdU incorporation 
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(6.4) E-Br DNA enzymes prevent serum-induced cyclin E expression 
 Given that TRIP-Br1 or TRIP-Br2 may target one or more distinct regulatory 
steps upstream of E2F-1/DP-1 and cyclinE/Cdk2, and that cyclin E plays an important 
role in regulating G1/S transition 67, the possibility of TRIP-Br playing a role in 
regulating serum-inducible cyclin E expression was explored.  Quiescent WI38 cells 
were stimulated to reenter the cell cycle with 10% FBS in the absence or presence 
DNA enzymes, and the expression of cyclin E was monitored by semi-quantitative 
RT-PCR and western blot analyses.  As shown in Figure 26A, E-Br1 or E-Br2, but not 
E-SCR, suppressed serum-stimulated cyclin E gene induction.   
 Cyclin E gene induction in response to serum stimulation is dependent on the 
cyclin D-associated Cdk4 kinase activity.  Given that TRIP-Br knock-down had no 
detectable effects on the expression levels of either cyclin D or Cdk4 (Figure 26A), it 
is conceivable that TRIP-Br may regulate one or more post-translational events 
required for cyclin D/Cdk4 activation (Figure 26B).  To test whether TRIP-Br is 
involved in the regulation of cyclin D-Cdk4 interaction, a critical step in Cdk4 
activation, immunoprecipitation assays were performed.  Consistent with previous 
report 49, TRIP-Br1 knock-down did not affect cyclin D-Cdk4 complex formation 
(Figure 26C).  Much like TRIP-Br1, knocking down TRIP-Br2 also did not affect the 
ability of Cdk4 to pull down cyclin D.  Therefore, both TRIP-Br family members are 
not required for the assembly of the cyclin D-Cdk4 complex. 
 Full activation of Cdk4 requires an additional post-translational regulatory 
step: phosphorylation of Cdk4 by the Cdk Activating Kinase (CAK; cyclin H/Cdk7) 
68
.  CAK activity is in turn regulated by Mat1; binding of Mat1 to Cdk7 stimulates 
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activation, another set of immunoprecipitation assays was performed to analyze the 
interaction between Cdk7 and Mat1.  While E-Br1 did not affect the ability of Cdk7 to 
pull down Mat1, E-Br2 significantly abrogated serum-induced interaction between 
Cdk7 and Mat1 (Figure 26D).  This observation raises the possibility that TRIP-Br2 
plays a role in CAK-mediated Cdk4 activation by regulating Cdk7-Mat1 interaction. 
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	 E-Br1 and E-Br2 down-regulate serum-
induced cyclin E expression.  
 
Sub-confluent WI-38 cells were serum-starved for 72 hours, transfected with 
0.1 µM of the indicated DNA enzymes and then stimulated with 10% FBS.   
 
Left panel:  Semi-quantitative RT-PCR analysis was performed on total RNA 
to assess cyclin E expression.  β-actin was included as an internal control.  
PCR products were resolved by agarose gel electrophoresis and ethidium 
bromide-stained DNA bands were visualized under UV. 
 
Right panel:  Western blot analysis of cyclin E, cyclin D, and Cdk4 
expression.  p27Kip1 expression in Lane 1 confirmed that WI-38 cells were 
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	 Post-translational regulatory events 
that contribute to full activation of Cdk4 kinase 
activity.  
 
(1) TRIP-Br1 augments the activation of Cdk4 by rendering the kinase 
resistant to the inhibitory effects of p16INK4a 26, 49.   
 
(2) The active quaternary complex translocates into the nucleus and becomes 
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	 E-Br1 and E-Br2 do not affect serum-
induced cyclin D1-Cdk4 interaction.  
 
Quiescent WI-38 cells were transfected with 0.1 µM of the indicated DNA 
enzymes, stimulated with 10% FBS and subsequently harvested for 
immunoprecipitation (IP) assay.   
 
Upper panel:  IP assay demonstrating the ability of Cdk4 to co-
immunoprecipitate cyclin D1.  Mock IP was performed using an unrelated 
antibody against the Gal4 DNA-binding domain. 
 
Bottom panel:  Western blot analysis of cyclin D1 and Cdk4 expression 
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	 E-Br2, but not E-Br1 or E-SCR, 
abrogates Mat1-Cdk7 interaction.  
 
Quiescent WI-38 cells were transfected with 0.1 µM of the indicated DNA 
enzymes, stimulated with 10% FBS and subsequently harvested for 
immunoprecipitation (IP) assay.   
 
Upper panel:  IP assay demonstrating the ability of Cdk7 to co-
immunoprecipitate Mat1.  Mock IP was performed using an unrelated antibody 
against the Gal4 DNA-binding domain. 
 
Bottom panel:  Western blot analysis of Mat1 and Cdk7 expression (protein 




























    
 





The E2F transcription factors are growth-promoting regulators that integrate 
the activity of the cell cycle machinery with the transcriptional apparatus 29.  At the 
G1/S boundary, in response to mitogenic stimulation, the E2F/DP heterodimers 
transcriptionally activate a repertoire of genes that encode proteins necessary for the 
execution of S phase, such as p34cdc2, cyclin A, cyclin E, c-myc, B-myb, 
dihydrofolate reductase and other components constituting the DNA replication 
machinery necessary for normal cell cycle progression.  It has been previously shown 
that both TRIP-Br1 and TRIP-Br2 make direct physical contact with DP-1 and 
functionally co-activate E2F-1/DP-1 in a manner that is further stimulated by the 
PHD zinc finger-bromodomain protein KRIP-1 26.  These data have provided the 
basis for the proposal of a new paradigm of transcriptional regulation, in which the 
TRIP-Br proteins are predicted to modulate the transcriptional activity of E2F-1/DP-1 
by integrating positive and negative regulatory signals conferred by PHD zinc finger 
and/or bromodomain-containing proteins—the so-called “integrator” model of TRIP-
Br function.   
In the present study, introduction of the TRIP-Br decoy peptides into 
asynchronous populations of U2OS human osteogenic sarcoma cells resulted in 
repression of the transcriptional activity of an artificial E2F-responsive promoter, as 
well as down-regulation of a subset of representative endogenous E2F-responsive 
genes examined (cdc2, dhfr, DNA Polα).  The expression of endogenous E2F-
responsive genes was differentially affected by TRIP-Br decoy peptide-mediated 
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distinct regulatory effects on different E2F-responsive genes, such that a subset of 
E2F-responsive genes may be preferentially co-regulated by TRIP-Br1 or TRIP-Br2, 
while some may be equally responsive (such as cdc2) or entirely unresponsive (such 
as cyclins E and A2) to co-regulation by both TRIP-Br proteins.  Such differential 
effects may stem directly from the inherent differences in the promoter context 
surrounding the E2F responsive element(s) of different genes.  Further studies are 
required to identify the cis- and/or the trans-acting elements that dictate the 
differential co-regulatory effects of the TRIP-Br proteins on specific E2F-responsive 
genes.  Together with previous studies 26, these observations provide strong evidence 
that the TRIP-Br proteins, through their interactions with the evolutionarily conserved 
PHD zinc fingers and/or bromodomains of KRIP-1, p300/CBP and/or other 
regulatory proteins, integrate and transduce regulatory signals to E2F-1/DP-1 and 
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	  A model for signal integration and 
transcriptional regulation by TRIP-Br. 
 
The diagram schematically illustrates the process by which TRIP-Br integrates 
a transcriptional regulatory signal.   
 
Top panel:  HAT-mediated acetylation of histone N-termini provides the 
histone code for recruitment of transcriptional regulators.  The DNA-bound 
E2F/DP transcription factor recruits TRIP-Br, forming a ternary transcriptional 
complex.  TRIP-Br, in turn, anchors PHD zinc finger and bromodomain-
containing chromatin-remodeling proteins to the E2F transcription complex. 
The resulting multi-protein complex is stabilized through interactions with 
acetylated histones via the bromodomain.  The transactivation domain of E2F 
(and probably TRIP-Br) facilitates recruitment of the basal transcriptional 
machinery (BTM).   
 
Middle panel:  The PHD-bromo chromatin-remodeling protein modifies the 
nucleosomal structure in the vicinity of the E2F-binding site in a manner that 
contributes to nucleosome displacement.   
 
Bottom panel:  This, in effect, leads to the exposure of DNA sites essential 
for BTM binding.  BTM, in the DNA-bound state, initiates and executes mRNA 
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  The very nature of the so-called regulatory signal(s) integrated by TRIP-Br 
remains elusive.  Nevertheless, the signal(s) may be related to the physiological role(s) 
of the PHD zinc fingers and the bromodomains.  The PHD fingers and the 
bromodomains represent functional motifs that regulate the complex process of 
eukaryotic gene transcription via chromatin remodeling.  For example, the tandem 
PHD finger and bromodomain of KRIP-1 has been shown to form a cooperative unit 
that functions to target the histone deacetylase and chromatin remodeling activities of 
the NuRD complex, which is required for gene silencing, to specific gene promoters 
in vivo 18.  It is therefore envisaged that the TRIP-Br integrator function plays a 
physiologically important role in specifically targeting the activity of PHD-
bromodomain-containing regulatory complexes to a subset of E2F-responsive 
promoters, thereby subjecting the relevant genes to transcriptional regulation via 
chromatin remodeling (Figure 27).  In fact, the TRIP-Br proteins share evolutionarily 
conserved motifs with Taranis, a novel Drosophila trithorax group member 70, as well 
as RBT1, a partner of replication protein A 71.  This raises the possibility that TRIP-
Br1 and TRIP-Br2 play a role in integrating chromatin structure with cell cycle 
regulation.         
In addition to altering the transcriptional profile of a subset of E2F-responsive 
genes, TRIP-Br decoy peptide-mediated antagonism also caused substantial 
suppression of DNA synthesis and inhibition of cellular proliferation.  The observed 
growth arrest may, at least in part, be attributed to the down-regulation of a subset of 
E2F-responsive genes in response to decoy peptide antagonism.  In particular, the 
*Br2-induced proliferative block may directly be caused by the inactivation of the 
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dihydrofolate reductase enzyme, a catalytic protein that converts dihydrofolate into 
tetrahydrofolate, a methyl group shuttle required for the de novo synthesis of purines 
72
, the DNA Polα gene encodes the DNA polymerase α, a key DNA-directed enzyme 
for the initiation of eukaryotic DNA replication 73.  In addition, biochemical evidence 
from Xenopus egg extracts suggests that sustained high levels of cyclin E are 
inhibitory for DNA replication initiation 74.  Therefore, down-regulation of the Fbxw7 
gene by *Br1 or *Br2 may also contribute to the inhibition of DNA synthesis via 
deregulation of cyclin E.   
Cyclin E, a regulatory subunit of the cyclin-dependent kinase 2 (Cdk2), plays 
a pivotal role in the regulation of mammalian cell cycle progression 75.  The cyclin 
E/cdk2 kinase is an essential, rate-limiting regulator of the G1 to S transition.  It 
provides the threshold for entry into the S phase by acting as a master switch for the 
activation of E2F-responsive genes, whose protein products play key roles in the 
execution of DNA synthesis.  Failure to properly regulate cyclin E accumulation can 
lead to deregulated cell cycle progression 76, genetic instability 77 and tumorigenesis 
67
.   
The Fbxw7 gene product, FBW7, is an ubiquitin ligase (ubiquitin-conjugating 
enzyme, E3) with an F-box and seven tandem WD (tryptophan-aspartic acid) repeats 
55
.  The protein forms part of the SCF (Skp1/Cullin/F-box protein) complex, which 
comprises a large family of modular E3s that control ubiquitination and destruction 
by the 26S proteosome of many protein substrates in a phosphorylation-dependent 
manner 78.  The F-box component of the SCF complex binds Skp1 via the F-box 
motif and controls substrate specificity by binding substrates through the WD40 
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phosphorylated cyclin E and catalyze cyclin E ubiquitination in vitro 55.  In addition, 
depletion of FBW7 in vivo leads to accumulation as well as stabilization of cyclin E 
55
.  These data support the notion that deregulation of cyclin E in response to TRIP-Br 
decoy peptide treatment is, at least in part, induced by the in vivo down-regulation of 
Fbxw7.  As a novel E2F-responsive gene, Fbxw7 may well be co-regulated by the 
TRIP-Br proteins in a manner analogous to cdc2, dhfr and DNA Polα.  Thus, the 
TRIP-Br proteins may function physiologically to coordinate the accumulation of 
cyclin E by controlling the expression of FBW7, thereby ensuring proper execution of 
the mammalian cell division cycle.   
Since the E2F transcription factors have been shown to promote G1 to S 
transition and facilitate DNA synthesis, one would anticipate that repression of 
endogenous E2F/DP transcriptional activity by the decoy peptides would result in a 
concomitant block in the progression from G1 phase into S phase and accumulation 
of cells in G1.  However, based on cell cycle analyses, the peptide antagonists failed 
to impose an isolated G1/S block.  This unanticipated observation may be attributed 
to the recent discovery that a subset of E2F-responsive genes encodes regulators that 
execute pre- and post-S phase events.  For example, cyclin A plays a role in 
promoting exit from the S phase, p34cdc2 regulates G2/M transition, and a panel of 
other E2F-responsive genes encode components of the DNA damage and repair 
pathways, as well as factors involved in chromatin assembly/condensation, 
chromosome segregation, and the mitotic spindle checkpoint 40.  These E2F-
responsive regulatory proteins act sequentially at distinct transition points of the cell 
cycle in a manner that presumably contributes to the coordinated progression through 
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bromodomain-interacting potentials of the TRIP-Br proteins may result in a global 
cell cycle arrest, in which the transition between each phase would be equally 
affected and no apparent alteration in cell cycle distribution would be observed 
(Figure 16D).  This hypothesis is supported by our semi-quantitative RT-PCR 
analysis, which clearly demonstrates that the TRIP-Br decoy peptides cause down-
regulation of cdc2 gene expression.  This E2F-responsive gene encodes a 34-kDa 
serine/threonine-specific protein kinase that regulates traversal across the G2/M 
boundary 79.  In this novel context, the integrator function of the TRIP-Br proteins 
may possibly play a “global” role in regulating the activity of the mammalian cell 
cycle machinery. 
Apart from exerting a global effect on the cell cycle through transcriptional 
effects on E2F/DP complexes, it is also likely that the TRIP-Br proteins modulate cell 
cycle progression at a number of post-translational levels.  Consistent with the ability 
of TRIP-Br1 to regulate the activity of cyclin D-Cdk4 complex 26, 49, TRIP-Br1 and/or 
TRIP-Br2 may also target and regulate the activities of other cyclin-Cdk complexes.  
We envision that such regulatory functions may enable the TRIP-Br proteins to 
control the phosphorylation cascades relayed by cyclin-Cdk complexes and indirectly 
regulate the phosphorylation status and hence the activities of downstream cell cycle 
effector proteins.  Whether the PHD-bromodomain-interacting property and the 
integrator function of the TRIP-Br proteins play a role in regulating the activity of 
cyclin/Cdk complexes remains to be determined. 
The recent discovery that the PHD domains of MEKK1 25 and the Kaposi 
sarcoma-associated herpesvirus MIR2 membrane protein 80 possess ubiquitin (Ub) E3 
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also modulate additional cell cycle activities through Ub-mediated proteolysis.  We 
propose that the TRIP-Br proteins may play a role as Ub carrier (Ubc) enzymes (E2) 
that work in conjunction with PHD domain-associated E3 ligase activity to target 
additional cell cycle regulatory proteins for Ub-mediated degradation.  We suggest 
that the PHD domains of proteins such as KRIP-1 and p300/CBP interact with TRIP-
Br-Ub conjugates, which can then transfer Ub to target cell cycle inhibitory proteins 
bound to KRIP-1 or p300/CBP and mark the target proteins for proteolysis, thereby 
promoting cell cycle progression. 
In the quest to unravel additional roles for the TRIP-Br integrator function in 
cell cycle regulation, attempts were made to expose U2OS cells to the integrator 
function-antagonizing decoy peptides for a more extended period of time.  A 72-hour 
*Br1 or *Br2 peptide treatment was associated with the appearance of pronounced 
sub-G1 peaks in the flow cytometric profiles, indicating massive cellular sub-
diploidization.  Further analyses demonstrated that the process of decoy peptide-
induced sub-diploidization occurs through a mechanism involving cyclin E 
deregulation. 
 Although sub-G1 signals in flow cytometry is most often linked to apoptosis, 
decoy peptide-induced sub-diploidization does not appear to occur as a result of 
classical apoptosis.  Two key observations rule out apoptosis.  Firstly, the decoy 
peptide treatments were not associated with significant activation of caspase-3 
protease activity, as determined by the in vitro caspase assays.  Secondly, the decoy 
peptide treatments did not induce significant PARP cleavage in vivo.  The latter 
confirms the absence of caspase-3 activation in U2OS cells in response to decoy 
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mediated by a specialized cellular machinery, the central component of which is a 
proteolytic system involving a family of proteases known as caspases 57.  Therefore, 
the results, together with the observation that *Br1 or *Br2 treatment did not induce 
DNA fragmentation (DNA laddering), argue against the involvement of apoptosis in 
decoy peptide-induced sub-diploidization. 
 Deregulated G1-cyclin expression has recently been suggested to contribute to 
the lack of a proper “low Cdk” period in G1, an effect that may reduce the numbers of 
functional pre-RCs 63.  Subsequent replication from an inadequate number of origins 
might cause chromosome loss that translates into a sub-G1 peak in flow cytometric 
analysis.  This proposal, together with the observation that antagonism of the TRIP-Br 
integrator function leads to cyclin E deregulation, suggests that incomplete DNA 
replication and the consequential loss of intact chromosomes may account for the 
decoy peptide-induced sub-diploidization.  Mimicking the effects of cyclin E 
deregulation by over-expression of cyclin E in U2OS cells through transfection leads 
to abnormal stabilization of Geminin in early G1.  Geminin is a 25 kDa nuclear 
protein that inhibits DNA replication by preventing the incorporation of MCM 
proteins into pre-RC through the interaction with Cdt1 65. Geminin is highly expressed 
during S, G2 and M phases and is normally targeted for ubiquitin-mediated 
proteolysis by the APC/C at the metaphase-anaphase transition to permit DNA 
replication in the succeeding cell cycle 64.  The APC/C-associated E3 ligase activity is 
switched on by cyclin B/Cdc2 during the mitotic phase, and turned off by G1 cyclin-
associated Cdk activities.  Therefore, a proper “low Cdk” period in early G1 is 




    
 
   
 137 
In the current study, exposure of U2OS cells to the TRIP-Br decoy peptides is 
associated with abnormal stabilization of Geminin.  It has been shown that the TRIP-
Br peptide antagonists cause deregulation of cyclin E by preventing its cell cycle-
regulated destruction and by allowing the protein to accumulate uncontrollably in all 
phases of the cell cycle.  It is speculated that inappropriate accumulation of cyclin E 
could bring about unscheduled and unchecked activation of Cdk2, which in turn may 
lead to improper activation/inhibition of downstream protein targets.  Therefore, it is 
conceivable that the decoy peptide-induced cyclin E deregulation in early G1 may 
cause abnormal Geminin stabilization by impeding the normal functions of the 
APC/C.  It is envisioned that such abnormal accumulation of Geminin in early G1 
may contribute to inefficient pre-RC formation and hence, incomplete DNA 
replication that ultimately leads to cellular sub-diploidization.  In this case, 
measurements of Cdk2 kinase activity would prove that decoy peptide-induced 
deregulation of cyclin E indeed contributes to unscheduled activation of Cdk2 in early 
G1, which in turn culminates in the inhibition of DNA replication. 
It is intriguing that exposure to *Br2, but not *Br1, results in a positive 
TUNEL signal.  It is suggested that the integrator function of TRIP-Br2 may mediate 
additional uncharacterized processes that maintain the integrity of genomic DNA.  
One example of such processes is the coordination of histone gene expression during 
cell cycle progression.  The bulk biosynthesis of histones is tightly coupled with DNA 
replication to ensure proper packing of newly synthesized DNA strands into 
chromatin fibers 81.  Unbalanced or precocious expression of histones has been shown 
to result in the loss of genomic integrity 82.  NPAT plays a crucial role in the 
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Being a newly identified E2F-responsive gene, the transcriptional activity of NPAT 
may be specifically co-regulated by the TRIP-Br2 integrator function in a manner 
analogous to dhfr and DNA Polymerase α.  Antagonism of this function using *Br2 is 
proposed to affect genomic stability and render genomic DNA more susceptible to 
non-caspase-mediated endonucleolytic degradation, with the consequential exposure 
of 3’-hydroxy DNA ends.   
The TRIP-Br genes were found to be induced in response to serum stimulation 
(Figure 23A).  To gain further insights into the role of the TRIP-Br proteins in serum-
inducible cell cycle progression, the TRIP-Br1 and TRIP-Br2 genes in WI-38 
fibroblasts were specifically knocked-down using DNA enzymes targeting the TRIP-
Br1 or TRIP-Br2 mRNA transcripts.  Knocking-down TRIP-Br1 and TRIP-Br2 in 
WI-38 fibroblasts effectively suppressed serum-induced cellular proliferation, 
suggesting that the TRIP-Br proteins are physiologically involved in the execution of 
serum-induced cell cycle progression.  The anti-proliferative effects imposed by the 
DNA enzymes could be overridden through combined over-expression of E2F-1/DP-
1/cyclin E/Cdk2, indicating that the TRIP-Br proteins target one or more regulatory 
steps upstream of cyclin E/Cdk2 in the serum-inducible cell cycle signaling pathway.  
These observations are consistent with the recent finding that hTRIP-Br1/p34SEI-1 
plays an important role in augmenting the activation of cyclin D/Cdk4 kinase activity 
49
.  Cyclin D-associated kinase activities play an integral role in serum-responsive 
intracellular signal transduction that contributes to the G0 to G1 transition during 
serum-induced cell cycle progression 38, 46.  Thus, down-regulating TRIP-Br1 through 
the action of the E-Br1 DNA enzyme is expected to attenuate the kinase activity of 




    
 
   
 139 
block.  Based on the results presented in Figure 26D, TRIP-Br2 may be involved in 
CAK-mediated activation of Cdk4.  E-Br2-mediated TRIP-Br2 knock-down is 
predicted to prevent full activation of Cdk4, thereby blocking cyclin E gene induction 
and S phase entry.  Measurements of Cdk4 and Cdk7 activity would lend further 
support to the notion that TRIP-Br2 is required for CAK-mediated activation of 
Cdk4.       
In summary, the decoy peptide antagonism and the DNA enzyme gene knock 
down approaches have unraveled some of the key physiological functions of the 
TRIP-Br proteins in the regulation of mammalian cell cycle.  The series of decoy 
peptide studies have provided physiological evidence in support of an important role 
for the PHD-bromodomain-interacting property (integrator function) of TRIP-Br1 and 
TRIP-Br2 in the regulation of the well-defined transcriptional and cell cycle 
regulatory pathway mediated by the E2F family of transcription factors (Figure 28).  
Through modulating the Fbxw7 gene activity, the TRIP-Br integrator function 
controls the cell cycle-dependent accumulation of cyclin E protein, which in turn 
coordinates the proper expression of Geminin.  The coordinated expression of 
Geminin, in concert with the regulation of dhfr, DNA Polα and cdc2, ensures proper 
initiation and execution of DNA replication as well as cell cycle phase-transitions.  
The series of studies involving DNA enzymes has demonstrated the physiological 
involvement of both TRIP-Br1 and TRIP-Br2 in executing serum-inducible cellular 
proliferation.  Deficiency of either TRIP-Br family member results in a proliferative 
block, indicating that TRIP-Br1 and TRIP-Br2 have distinct roles in the regulation of 
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